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JlucepTailist Ha 3100y TTS HAYKOBOT'O CTYMEHs JTOKTopa (inocodii y rayry3i 3HaHb
17 — Enexrtponika Ta TeleKOMyHIKallii 3a crnemianbHicTiO 171 «Enextponika». —
HanionaneHuii TexHiuyHM yHiBepcuTeT YKpainu «KuiBCbKUN MOTITEXHIYHUN
iHcTuTyT IMeHi Iropst Cikopceskoro», MOH VYkpainu, Kuis, 2025.

Hucepraniitna po0OoTa TMpPUCBSIYEHA JOCHIKCHHIO aJalTUBHUX CHCTEM
oOpoOnieHHsT  aKyCTM4HOi  1HGopMallii s CTBOPEHHA MEPCOHAi30BAHOIO
MEJIIaKOHTEHTY .

3MICT JUCEpPTAllIMHOTO JOCHIKEHHS BHUKJIAIEHO B TPhOX pO3IUIAX, €
IPEJCTaBICHO Ta OOTPYHTOBAHO OCHOBHI PE3yJbTaTH pOOOTH.

AKTyaJIbHICTh ~ AUCEpTalliHOi  poOOTH  OOTPpYHTOBAHO Yy  BCTyIl, JI€
chopMyJIbOBAaHO METYy Ta 3ajadl JOCHIJKEHHs, OMUCAHO METOAM JIOCIIKEHHS,
HaJlaHO 1H(OpMAIlil0 MPO HAYKOBY HOBHU3HY Ta NpPAKTUYHE 3HAYEHHS OJEp KaHUX
pE3yNbTaTIB.

O0’€eKTOM JIOCHIIKEHHS € PI3HOMaHITHUM ayi0 KOHTEHT 3 3allMCOM KHBOTO 200
CUHTETUYHO CTBOPEHOr'O T'OJIOCOBOTO MOBIJOMIICHHSI Ha YKPaiHCHKIM Ta aHTIINACHKIN
MOBaX.

3acTocyBaHHSA TEXHOJOTiH 00poOJieHHs akycTU4HOi iH(opmMmalli Moxe OyTH
CIPSIMOBAaHO Ha 3a0€3MEUEHHs aIrOpPUTMIB CTBOPEHHS SKICHOTO MEPCOHAI30BAHOIO
MEJIIaKOHTEHTY, HAPUKJIA JJI CUCTEM KJIOHYBaHHS rojiocy. Y KOHTEKCTI UG POBOi
TpaHcopMmallii CyCcHibCTBa BaXJIUBICTh TaKMX TEXHOJOTIH OCTaHHIM YacoM
HEBIIUHHO 3POCTAE, aJKE BOHHM 3HAXOJATH CBOE 3aCTOCYBAHHS Y 0aratbox Taly3siX,
BKJIIOYAIOYM MEAMIIMHY, OCBITY, 1H(GOpMaIiiiHI CHUCTEMH, pO3Bark Ta 3acoou
KOMYHIKaIlii.

OmgHuM 13 KIIOUOBHUX AacHEeKTIB pOOOTH € 3acCTOCYBaHHS HEHPOMEpEKEBUX
QNropuTMIB JUisi OOpOOJIEHHST aKyCTUYHUX CUTHAIIB. BUKOpUCTaHHS HEUPOHHUX

MEpeX, [K albTEPHATUBHUN CHOCIO, O3BOJSIE OTPUMATH TOYHY 1E€HTHU(IKAIIIO



roJiocy, peaiizyBaTu CUHTE3 IPUPOJTHOTO MOBJICHHS Ta €()EKTUBHE 3MEHILIECHHS IIIyMY
1 peBepOepariii curHaniB. OcoOJMBO aKTyaJIbHUM II€ CTA€ JJIsl CUCTEM, SIK1 MPaIIOIOTh
y CKJIQIHUX aKyCTUYHUX YMOBaX.

3HayHUI 1HTepec BUKIIMKAE 3aBAaHHS CTBOPEHHSI MEPCOHAI30BAHOTO KOHTEHTY,
ke 0a3yeTbcsl Ha 3JaTHOCTI HEUPOHHUX MEPEeX aJanTyBaTHUCS JI0 1HAMBIAYaTbHUX
XapakTepuCTHK MOBIS. lle BKIIO4ae MOXIIMBICTD 30€pEKEHHS YHIKATbHUX
IHTOHALINA, TeMOpy Ta IHIMX chernudiyHuX ocobimBocTe romocy. Kpim Toro,
3aj1a4a MIJABUIIEHHSA PO30IPIMBOCTI MOBJICHHS € BaXKJIHWBOIO JUIS IOJIIIIICHHS
KOMYHIKaIii MK KOPUCTYBauaMHU y PI3HUX aKyCTHUHHX CEPEIOBHINAX, CEPEell SIKUX
1€ JICKI1MH1 3711, odicu a0 BIIKPUTI IPOCTOPH.

30KkpemMa, BHKOPUCTaHHS HEHPOHHUX MEPEX JH03BOJSIE aBTOMATH3yBaTH Ta
MOKpAIyBaTH MPOIeC OOpPOOKH 3BYKOBHUX CHUTHANIB, IO € OCHOBOIO MEIIaCHUCTEM.
Takuii miaxin 3a0e3nedye MOMKIMBICTH CTBOPIOBATH IEPCOHANII30BAHUN KOHTEHT,
AKUN BPaXxOBY€E, Y TOMY YHUCII, CIELU(PIYH] BIOJOOAHHS KOPUCTYBAYIB.

VY nepiomy po3aiii po3riIIHYTO Cy4acHHM CTaH JOCTIKEHb Y raigy3i oOpoOKu
akycTu4yHoi 1H(opmaIlii Ta CTBOPEHHS TMEPCOHATI30BAHOTO MEIIaKOHTEHTY.
[IpencraBiieHO 3arajibHi BIJIOMOCTI MPO OCHOBHI THUIM aKyCTUYHUX CHUTHAIIB, SKI
BKJIFOYAIOTh IIUPOKE PI3HOMAHITTS 3BYKOBUX XBWJIb — BiJI MPUPOJHUX IIYMIB IO
MOBJICHHSI, MY3WKH Ta TEXHOTCHHUX CHTHaliB. Po3kputo iX  KIFOYOBI
XapaKTEPUCTHKH, TaKl K aMILIITY/1a, YaCTOTA, TPUBAJICTD 1 CIEKTPAIbHUN CKIIAJ, SKI
dbopmyroTh 0a3y I 1X TOAANBIIOr0 aHaimizy Ta o0poOku. OmnucaHO KIIOUYOBI
TEXHOJIOT1i, TaKl K 3TOPTKOBI HEUPOHHI MEPEXi, PEKypPEeHTH1 apXITEKTypu Ta iX
3aCTOCYBaHHA Y 3a/lauax PO3Mi3HABaHHS MOBJIEHHS, CHHTE3Y T'0JIOCY Ta 3MEHIIICHHS
myMiB. HaBeneHo mpukiaad BUKOPUCTAHHS YacOBO-YAaCTOTHOTO TIPE/ICTABIICHHS
CUTHAJIIB (CHEKTpOrpam, MeJa-CIeKTporpam) uisi BUITy4eHHs 1H(HOPMATUBHUX O3HAK 3
aynmiomaHux. TakoX HaBeNEHO AaKTyalbHI MIIXOMW M0 ajanTaiii Mojenei 10
OOpOOJICHHST CHUTHATIB y CKIQAHUX AaKyCTUYHHX YMOBaX. PO3TIsHyTO MeToau
OIIHIOBaHHS €()EKTUBHOCTI HEHPOMEPEKEBUX MOJCNCH, a TaKOX TEPCICKTUBU
iXHBOTO BUKOPUCTAHHS JJIsl IEPCOHAMI3allIl TOJIOCY B PI3HUX MPUKIIATHUX 3a1a49ax.

Y napyromy po3miii, NPUCBIYEHOMY OIVISIAY 3arajibHUX 3acajl aJanTHBHHUX

cucteM OOpoOJeHHs aKycTU4YHOI 1H(opMaIlii, PO3MISTHYTO OCHOBHI MPUHIIUAIA



moOyJOBM TakuxX cucTeM. HaBemeHO 3aranbHI KOHIIEMINI aJanTHBHOCTI, IO
3a0e3neuytoTh €(heKTUBHY POOOTY CUCTEM Y 3MIHHUX aKyCTUYHUX yMoBax. OnucaHo
KJIFOUOBI KOMIIOHEHTH aJalTUBHUX CHUCTEM, BKJIIOYAIOUM MOJYJII BUJIIYyYEHHS O3HAK,
knacudikamii Ta cuHTe3y MOBJIEHHsA. [IpoBeneHo aHami3 CydyaCHUX apXiTEKTyp
HEHPOHHUX MEPEXK, TAKUX K 3rOPTKOBI Ta PEKYPEHTHI MOJIEN, SIKi € OCHOBOIO JJIs
CTBOPCHHS QIaITUBHUX pilieHb. [IpeacTaBieHo nmpukiaan BUKOPUCTAHHS CUCTEM 13
3aCTOCYBaHHSM 9aCOBO-YaCTOTHOTO MPECTABICHHS CUTHAJIB, IO JI03BOJISE TOCATTH
BHCOKOI TOYHOCTI BWJIYYEHHSI 1H(POPMATUBHUX O3HAK. TaKOK HABEACHO aKTyallbHI
MIIXOMW JO 1HTEerpamii MeTOMIB ajanTaiii, TakuxX SK HOpMaii3aiis [JaHuX,
KOMIIEHCallisl MyMiB 1 peBepOepaiii. Po3riasHyTo NEepCcneKTUBU BUKOPUCTAHHSA
aJanTUBHUX CHUCTEM IS BHpPINICHHS NPHUKIAAHAX 3a7a4, TaKUX K CHHTE3
MIEPCOHANII30BAHOTO  TOJIOCY, AaBTOMAaTWYHE  pO3Mi3HABaHHSA  MOBJICHHS  Ta
aynioo0pobka B peanbHOMY 4Yaci. OcoOJUBHI aKIEHT 3pO0JEHO Ha 3HAYEHHI ITUX
CUCTEM ISl IHHOBAIIMHUX c(ep, TAKUX SIK TOJIOCOBI aCUCTEHTH, MEAMYHI MPUCTPOI,
cUcTeMH Oe3leKH Ta MYJIbTUMEAiNH1 gomatku. lle migkpecnmtoe iXHIM BHECOK Yy
MiBUILIEHHS KOM(OPTY, IHTEPAKTUBHOCTI Ta MEPCOHAII3AIIIT Cy4YaCHUX TE€XHOJOTIH.

VY TpeTrboMy pO3/iii JeTadhbHO OMHCAHO MPOBEACHHS cepii eKCIIepUMEHTaTbHUX
JOCIIKEHb, CHPSIMOBAaHUX Ha TMEPEeBIPKYy €(PEKTUBHOCTI PO3POOJECHUX METOIIB
00poOyieHHs1 akycTUuHOi 1HQopwmarllii. HaBeneHo omuc ekcrnepuMeHTalbHOI 0asw,
BKJIFOYAOYM BHUKOPHUCTAHE MpOorpaMHe 3a0e3IreueHHs, Habopu JaHWX Ta MapameTpu
cepenoBuill. IIpencraBieHo pe3ynbTaTd MEPEBIPKH PO3POOJECHUX AITOPUTMIB ISt
3a/lay BUJIYYEHHS O3HAK, CUHTE3y MOBJIEHHS Ta aJanTallii ayJIOCUTHAJIB y PI3HUX
aKyCTUYHUX yMOBaX. 30KpeMa, PO3IVITHYTO METOJIY 3MEHIIEHHS BIUIMBY IIIYMIB Ta
peBepOepaiiii, a TakoXk 3a0e3MeyeHHs epcoHanizaiii roiocy. OnucaHo MpPOBEICHHS
eKCIIEPUMEHTIB Ha PpI3HUX Hal0opax ayaloJaHuX, IO JO03BOJHUJIO OI[IHUTH
CTaOUTBHICTH 1 TOYHICTH 3aMPONOHOBAHMX IMiIX0/1iB. BUCBITIIEHO MPaKTUYHY I[IHHICTh
OTPUMAaHHUX pE3yJbTaTiB y peajbHUX CICHApIIX, TaKUX SK CTBOPCHHSA
MEePCOHANI30BAHOTO MEIIaKOHTEHTY, 1IeHTU(IKaLlig 3a TOJIOCOM Ta 00poOKa ayJio y
CKJIQJTHUX YMOBAX.

B nucepraniiiniii poOOTI OTpUMaHO HACTYITHI HAYKOBI PE3YJbTATH:



1. Brnepiie po3pobiieHo cucteMy ieHTUDIKAIIIT 32 TOJIOCOM, SIKa € CTIHKOI0
JI0 MITYYHO MiAPOOJIEHOTO TOJI0CY 1 MOKa3y€e BUCOKY TOUHICTh CXOXKOCTI1 Bijipasy 3a 4
KPUTEPISIMHU.

2. Bnepmie mnoOynoBaHO aKyCTHYHY MOJEIb PO3Mi3HABAaHHS MOBHUX
CUTHAJIB 3 IIJATPUMKOIO HEHPOHHOI MeEpeki, fSKa JO03BOJSE B SKOCTI BXIJTHOL
iHpopMallli BUKOPHUCTOBYBAaTH YKpaiHChKI cloBocmonydeHHsa. s 11 peamizamii
pPO3p00IICHO 3MIHEHY PEKYPEHTHY HEMPOHHY MEpEeXy, Sika BUPI3ZHAETHCSA THM, IO 32
paxyHOK BOYJIOBaHOI Mam’siTl B CTPYKTYp1 €Tall HaBYaHHS Ta TECTYBaHHS HEUPOHHOI
Mepeski MOJIeJI MOXKHa MMPOBOJUTH OJHOYACHO.

3. VY 1ockoHaJIeHO TPOrpaMHUIl aJITOPUTM JiepeBepOepallii 3aucaHux ayio
CUTHAIIB 3 aAUTHUBHUM JOJIaBaHHSIM IIIyMY, /1€ BUKOPHUCTAHO 3TOPTKOBY HEHPOHHY
Mepexy 3a apxitekTyporo U-Net 1 sika agantoBaHa 10 3alUCy HE TUIBKHA TECTOBUX
CUTHAJIB THUITY ‘CIIecK’ abo “mocTpin’, ajie i CIIOBOCIIOIYYEHb YKPAiHCHKOI MOBOIO.

4, Halymo momansImoro po3BUTKY CTBOPEHHS CHCTEM KIIOHYBaHHS TOJIOCY
3a paXyHOK BBEJICHHS IOCIIJIOBHO TPbOX MONEPEIHHO HABYEHUX HEUPOHHUX MEPEK.
Takuit miaxig T03BOJMB 30€perTd akleHT, I1HTOHAIIMHI Ta 1HIN (OHETHYHI
0COOJIMBOCTI Y CHHTE30BaHUX (Ppazax sik aHTI1HCHhKOI0, TaK 1 YKPAiHCHKOIO MOB.

[IpakTuuHe 3Ha4YECHHS OJIep >KaHUX B AUCEPTALiifHIi poOOTI pe3yabTaTiB MOJISATAE
B TOMYy, IO OTpPUMaHl pe3yjbTaTH MOXYTb OYTH BHUKOPHUCTaHI JUIsl IIMPOKOIO
CIIEKTPY 3aBJlaHb Yy rany3i 00poOku aymiocursams. [IpakTuiHe 3HaUeHHS OTPUMaHUX
pe3ynbTaTIB MoJIArae y po3poOili Ta BIPOBAKEHH1 1HHOBALIMHUX METOAIB 00pOOKHU
aKycTU4HOi 1H(popmarlii, mo 0a3yrTbCad Ha MPUHLHUIAX (DYHKIIIOHYBAHHS CY4aCHHX
HeHpoHHUX Mepex. OTpumani pe3yabTaTd MOXKYTh OYTH BHUKOPHCTaHI MJis
CTBOPEHHSI ~ CHUCTEM  aBTOMAaTUYHOTO  PO3Mi3HABaHHS  MOBJIEHHS, CHHTE3Y
MEePCOHAII30BAHOT0 TOJIOCY, afanTallii ayJIOCUTHAIIB O PI3HUX aKyCTUYHUX YMOB
Ta 3MEHIICHHS BIUIMBY IIyMiB 1 peBepOepariii. 3anmpornoHOBaHI aJlrOpUTMH Ta
HIIXOOU € YHIBEPCAIBbHHUMH Ta MOXYTh OYyTH IHTErpOBaHi y IIUPOKUNA CIIEKTP
3aCTOCYBaHb, TaKMX K TOJOCOBI MOMIYHUKH, CHCTEMH O€3MEKH, CIyXOBI araparTw,
Menu4yHe oOJamaHaHHs, iHTepdeiicu "pozymHOro OyauHKY" Ta MYJIbTUMEIINHI

miatgopmu. [lpakTuuHa 3HAYYHIICTE POOOTH MIATBEPIKYETHCS MOXKIIMBICTIO



BUKOPUCTAHHS 11 pe3yJbTaTIB JJI MiABUIIEHHS TOYHOCTI, CTIHKOCTI Ta aJalTHBHOCTI
CyYaCHHUX TEXHOJIOT1M MEPCOHAII30BAHOTO MEI1aKOHTEHTY.

Knrouosi cnosa: po3bipaugicms mMoGieH s, OYiHKA, AKICMb MOGIeHHS, MeCcmosull
cucHan, pegepbepayis, wymu, MoOento8ants, npoyec, 38yk, Inmepuem peueu, 10T,

KOMN tomepHa cucmema, pigeHv CUSHAY, PO3NOBCIOONCEHHS CUSHATLY .



SUMMARY

Borisov G.O. Adaptive acoustic information processing systems for creating
personalized media content.

Dissertation for the degree of Doctor of Philosophy in Knowledge Area 17 -
Electronics and Telecommunications, specialty 171 “Electronics.” - National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Ministry
of Education and Science of Ukraine, Kyiv, 2025.

The dissertation is devoted to the study of adaptive acoustic information
processing systems for creating personalized media content.

The content of the dissertation research is presented in three chapters, where the
main results of the work are presented and substantiated.

The relevance of the thesis is substantiated in the introduction, which formulates
the purpose and objectives of the study, describes the research methods, and provides
information on the scientific novelty and practical significance of the results.

The object of the study is a variety of audio content with live or synthetically
generated voice messages in Ukrainian and English.

The development of modern acoustic information processing technologies is
inextricably linked to ensuring the creation of high-quality personalized media
content, especially for voice cloning systems. In the context of the digital
transformation of society, the importance of such technologies is growing, as they are
used in many fields, including medicine, education, information systems,
entertainment, and communication.

One of the key aspects of the work is the study of neural network algorithms for
processing acoustic signals. The use of neural networks is likely to enable accurate
voice identification, natural speech synthesis, and effective noise and reverberation
reduction. This is especially relevant for systems operating in difficult acoustic
conditions.

The task of creating personalized content based on the ability of neural networks
to adapt to the individual characteristics of the speaker is of great interest. This

includes the ability to preserve unique intonations, timbre, and other specific voice



features. In addition, the task of enhancing speech intelligibility is important for
Improving communication between users in different acoustic environments, such as
lecture halls, offices, or open spaces.

In particular, the use of neural networks allows automating and improving the
processing of audio signals, which is the basis of media systems. This approach
makes it possible to create personalized content that takes into account the specific
preferences of users.

The first chapter discusses the current state of research in the field of acoustic
information processing and personalized media content creation. General information
about the main types of acoustic signals is presented, which include a wide variety of
sound waves - from natural noise to speech, music, and man-made signals. Their key
characteristics, such as amplitude, frequency, duration, and spectral composition,
which form the basis for their further analysis and processing, are revealed. Key
technologies such as convolutional neural networks, recurrent architectures and their
application in speech recognition, voice synthesis and noise reduction are described.
Examples of the use of time-frequency representation of signals (spectrograms, mel-
spectrograms) to extract informative features from audio data are given. The current
approaches to the adaptation of models to signal processing in complex acoustic
conditions are also presented. The methods for evaluating the effectiveness of neural
network models, as well as the prospects for their use for voice personalization in
various applied tasks, are considered.

In the second section, devoted to the review of the general principles of adaptive
acoustic information processing systems, the basic principles of building such
systems are considered. General concepts of adaptability are presented to ensure
efficient operation of systems under variable acoustic conditions. The key
components of adaptive systems are described, including modules for feature
extraction, classification, and speech synthesis. An analysis of modern neural
network architectures, such as convolutional and recurrent models, which are the
basis for creating adaptive solutions, is presented. Examples of the use of systems
with the use of time-frequency representation of signals are presented, which allows

to achieve high accuracy of informative features extraction. The article also presents



current approaches to the integration of adaptation methods, such as data
normalization, noise and reverberation compensation. The prospects of using
adaptive systems to solve applied problems, such as personalized voice synthesis,
automatic speech recognition, and real-time audio processing, are considered.
Particular emphasis is placed on the importance of these systems for innovative areas
such as voice assistants, medical devices, security systems, and multimedia
applications. This emphasizes their contribution to increasing the comfort,
interactivity and personalization of modern technology.

Chapter 3 describes in detail the series of experimental studies aimed at
verifying the effectiveness of the developed methods for processing acoustic
information. We describe the experimental setup, including the software used, data
sets, and environmental parameters. The results of testing the developed algorithms
for the tasks of feature extraction, speech synthesis, and adaptation of audio signals in
different acoustic conditions are presented. In particular, the methods for reducing the
impact of noise and reverberation, as well as for ensuring voice personalization are
considered. Experiments on different sets of audio data are described, which allowed
us to evaluate the stability and accuracy of the proposed approaches. The practical
value of the obtained results in real-life scenarios, such as the creation of
personalized media content, voice identification, and audio processing in complex
environments, is highlighted.

The following scientific results were obtained in the dissertation:

1. For the first time, a voice identification system has been developed that
is resistant to artificially faked voices and shows high accuracy of similarity by 4
criteria at once.

2. For the first time, an acoustic model of speech signal recognition with
the support of a neural network was built, which allows using Ukrainian word
combinations as input. For its implementation, a modified recurrent neural network
was developed, which is distinguished by the fact that due to the built-in memory in
the structure, the training and testing of the model's neural network can be carried out

simultaneously.



3. A software algorithm for deregulation of recorded audio signals with
additive noise addition has been improved, using a convolutional neural network
based on the U-Net architecture and adapted to record not only test signals such as
‘burst’ or 'shot’, but also word combinations in Ukrainian.

4, The development of voice cloning systems was further developed by
introducing three pre-trained neural networks in sequence. This approach made it
possible to preserve the accent, intonation, and other phonetic features in the
synthesized phrases of both English and Ukrainian.

The dissertation is devoted to the investigation of adaptive systems for acoustic
information processing aimed at creating personalized media content.

The practical significance of the results obtained in this thesis is that the findings
can be used for a wide range of tasks in the field of audio signal processing. The
practical significance of the results obtained is the development and implementation
of innovative methods of acoustic information processing based on the principles of
functioning of modern neural networks. The obtained results can be used to create
systems for automatic speech recognition, personalized voice synthesis, adaptation of
audio signals to different acoustic conditions, and reduction of noise and
reverberation. The proposed algorithms and approaches are versatile and can be
integrated into a wide range of applications, such as voice assistants, security
systems, hearing aids, medical equipment, smart home interfaces, and multimedia
platforms. The practical significance of the work is confirmed by the possibility of
using its results to improve the accuracy, stability, and adaptability of modern
technologies for personalized media content.

Key words: speech intelligibility, evaluation, speech quality, test signal,
reverberation, noise, modeling, process, sound, Internet of Things, 10T, computer

system, signal strength, signal propagation.
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ITIEPEJIIK CKOPOYEHDb TA YMOBHHUX ITIO3HAYEHb

I[IMM — IIpuxoBaHi MapKiBCbKi MOJIEIII;

ADM — Adaptive Dual Microphone;

Adagrad — Adaptive Gradient Algorithm (AganTHBHHIA aaTOPUTM TPAIIEHTA);
Adam — Adaptive Moment Estimation (AnanTuBHa OI[iIHKa MOMEHTIB);

AUC — Area Under the Curve;

CNN — Convolutional Neural Network (3ropTkoBa HelipoHHa MEpeKa);

FPR — False Positive ratio;

ISTFT — Inverse Short-Time Fourier Transform (3BopoTHEe KOpOTKOYaCHE

neperBopeHHs dyp'e);

LSTM —Long Short-Term Memory;

MFCC — Mel-Frequency Cepstral Coefficients (Men-kencTpanbHi KOS]ili€eHTH);
MSE — Mean Square Error;

RNN — Recurrent Neural Network (PexypenTHa HelipoHHa Mepexa);

ROC — Receiver Operating Characteristic curves;

SGD — Stochastic Gradient Descent (CtoxacTUuHUN TPaIIEHTHUAN CITYCK);

STFT — Short-Time Fourier Transform (Kopotkouache nepetBoperts ®yp’e);

TPR — True Positive Ratio.
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BCTYII

AKTyaJbHICTb P000TH. PO3BUTOK CydyacHMX TEXHOJOTIH 0OpOOKH aKyCTHYHOT
iHpopMallli HEPO3PUBHO TMOB’S3aHUNA 3 3a0€3MEUYEHHSIM CTBOPEHHS SAKICHOTO
MIEPCOHAJII30BAHOIO0 MEJIIAKOHTEHTY, OCOOJIMBO JJI CUCTEM KIOHYBaHHS Tojocy. Y
KOHTEKCTI 1mm@poBoi TpaHchopMmallii CycHiIbCTBAa BaXKJIUBICTh TAKUX TEXHOJOTIH
3pOCTa€, aJkKe BOHM 3HAXOMSTh 3aCTOCYBaHHS Yy 0araThOX Trajiy3siX, BKIIOYAIOUH
MEIHIIMHY, OCBITY, iIHQOpMAIIiitHI cUCTeMH, pO3Bark Ta 3acO0M KOMYyHIKaIlii.

OanuM 13 KIIIOYOBHUX AacHeKTiB POOOTH € JOCHIKEHHS HEeHpOMEepeKeBUX
QJITOPUTMIB Uil OOpOOKH aKyCTUYHUX CUTHaIIB. BUKOpHCTaHHS HEMPOHHUX MEpexk
HAaMeBHO J03BOJISIE OTPUMATH TOYHY 1ICHTU(IKAIIID TOJOCY, CHHTE3 MPUPOIHOTO
MOBJICHHS Ta €()EeKTUBHE 3MEHILIEHHS yMy i peBepOepatii. Oco0IMBO aKTyaJIbHUM
1€ CTa€ AJIsl CUCTEM, SIK1 IPAIIOI0Th y CKJIAJHUX aKyCTHUYHUX YMOBaX.

3HayHUI 1HTepec BUKIMKAE 3aBAaHHS CTBOPEHHSI MEPCOHAII30BAHOTO KOHTEHTY,
AKe 0a3yeTbCsl Ha 3/IaTHOCTI HEHPOHHUX MEPEXK aJanTyBaTHCS 10 1HIMBITYaJIbHUX
XapakTepUCTHK MoOBLA. lle BKiIIOYae MOXKIUBICTh 30€pEKEHHSI YHIKaJIbHUX
IHTOHAIlIM, TemMOpy Ta I1HIMX crneuupiyHuX ocobauBocTed rojocy. Kpim Toro,
3ajlaya MIABUIICHHS pPO30IpJIMBOCTI MOBJICHHS € BaXKJIMBOK JUJIS TOJIMIIEHHS
KOMYHIKaI[ll M) KOPHCTYBauyaMH y PI3HMX aKyCTUYHUX CEpEJOBHUIIAX, TaKUX SK
JIEKITiiHI 3a11, odick a00 BIIAKPUTI MPOCTOPH.

30KkpemMa, BHKOPUCTaHHS HEHPOHHUX MEPEX JH03BOJSIE aBTOMATH3yBaTH Ta
MOKpAIyBaTH MPOIeC OOpPOOKM 3BYKOBHUX CHUTHAJIB, IO € OCHOBOIO MEIIaCHUCTEM.
Takuii miaxin 3a0e3nedye MOKIUBICTH CTBOPIOBATH IEPCOHANII30BAHUN KOHTEHT,
AKUN BpaxoBye crenu(iuH1 BOJ0OaHHS KOPUCTYBaYiB.

Takox ogHMM 3 HampsIMKIB 00poOKM akycThyHOI 1H(opMarlrii € 6e3nocepeaHe
MOKPAIICHHS 3BYKOBOTO TOTOKY 3HEIIyMJIeHHs abo jepeBepOeparlii sike IHUPOKO
BUKOPHCTOBYETHCS B CIIYXOBHX amaparax. [lutanHsmu OOpOOJEHHS aKyCTUYHOI
iH(dopmarlii 3aiiMarOThCsl Takl BITYM3HSHI Ta 1HO3eMHI BueHl sk, [Ipogeyc A.M,
Haxoneunuii P.A., babax B.II., Mixaens ®epnennep, Hesinm XeiiBenok, JkoH

Kaptep, Maiiksn JI>KOHCOH Ta 1HIIII.
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AKTYaJIBHICTh JOCIIKEHHS OOTPYHTOBYETHCS TaKOX THUM, 110 TaKl TE€XHOJOTIi
3HaXOAATh LIMPOKE 3aCTOCYBaHHA B cucTeMax Oesmneku, iHTepdeiicax "po3ymHOro
OyauHKY'", CIyXOBHX amaparax, a TaKoX y Meaia-iHIycTpii sl aBTOMaTHYHOTO
nyOJIsKYy, CTBOPEHHS BIPTYaJlbHMX aCHCTEHTIB Ta IHTEpakTUBHHX cucrtem. Lli
po3po0KH 3a0e3MeuyroTh HOBUM PIBEHb IHTEPAKTHBHOCTI Ta MEpPCOHATI3aIll, SKHUMA
paHiiie OyB HEJIOCSKHHUM.

Mera i 3aBaaHHsi JoCHilkeHHsA. Memoro Oucepmayitinoi pooomu €
JTOCTDKEHHST HEMpOMEpekKEeBUX aITOPUTMIB JJIi CTBOPEHHS IEPCOHATII30BAHOTO
MEJIIaKOHTEHTY Ha OCHOBI MMJAXOAIB OOpoOJIeHHS aKycTH4HOi iHdopMmarrii.
JlocmipKeHHsT CpsIMOBAaHE HAa OTPUMAaHHS MOKpPAIICHHs SIKOCTI MOBHUX CUTHAIIIB Ta
BpaxyBaHHS 1HJMBIAYaJbHOCTI MeJla KOHTEHTY, IUIIXOM 3aCTOCYBaHHS METOJIB
HAaBYaHHS HEUPOHHUX MEpEeXk, Kl B CBOIO UEPry, 3/1aTHI alalTyBaTUCh B MpOIECi
HaBYaHHA JI0 TOJIOCOBUX OCOOJIMBOCTEN MOBIIS, 1 K1 TAKOXK JO3BOJISIIOTH €()EKTUBHO
3M1MCHIOBATH JiepeBepOepalito, CHHTE3 1 pO3Mi3HaBaHHSI MOBHUX CUTHAIIIB.

06 ’ekmom O0ocniodxiceHHs € PIZHOMAHITHUN ay/io KOHTEHT 3 3alHCOM >KHBOTO
a00 CHHTETMYHO CTBOPEHOTO TOJIOCOBOTO TMOBIJIOMJIEHHS Ha YKpaiHCBhKIA Ta
AHTIIHCHKIA MOBaX.

IIpeomemom Oocniodxicenus € METOIH Ta aITOPUTMHU BUKOPUCTAHHS HEMPOHHHUX
MEpexX I 0OpOOKM MOBHUX CUTHAJIIB, BKJIIOUAIOYM PO3IMI3HABAHHS, 3MEHIICHHS
nrymy, aepeBepOepaliito 1 KJIOHYBaHHS TOJIOCY, SIKI CIPSIMOBaHI Ha TOKpAIICHHS
SIKOCT1 Ta 3a0€3MeUeHHs IepCOHaI3allil MEIaKOHTEHTY.

J1Jist TOCSITHEHHS TIOCTABJICHOT METH OyJu c(hOpMYIThOBaH1 HACTYITHI 3aB/IaHHS:

1. Po3poOutn cucremy iAeHTHU(]IKALII 3a TOJOCOM, SKa XapaKTEpPHU3ye€TbCS
3aJI0BUTbHOIO0 TOYHICTIO CIpAIOBaHHS MpHU ITSITH PI3HUX BaplaHTax BHUMOBJICHHS
KOHTPOJIbHO1 (hpa3u-mepeBIipKH.

2. Po3poOuTu MOzENIb CUCTEMHU PO3Mi3HABAHHS MOBHHUX CUTHAIIIB 3 JOCSTHEHHSIM
MIHIMQJIBHOTO 3HA4YE€HHS (PYHKITIi BTpaT.

3. Po3pobuTn airoput™ 3aCTOCYBaHHSI HEHPOHHOT MEPEX1 IJIsi PO3B'SI3aHHS 3a/1a4

nepeBepOepallli Ta 3SMEHIIEHHS MY .
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4. Po3poOuTH cxeMy KJIOHYBaHHS TOJIOCY 3 BUKOPHUCTAHHAM HEUPOHHHX MEPEK
Ui 30epekeHHs IHTOHAIM, TemMOpy Ta I1HIMX crenudiyaux (HOHETUUYHUX
XapaKTEPUCTHK MOBJICHHS, IO 3a0€3MEeUUTh Yy CBOIO 4YEpPry BHUCOKHHA pPIBCHb
nepcoHaizalii KOHTCHTY.

Ili 3aBmaHHS copsiMOBaHI Ha BCEOIYHE JOCHIIKEHHS Ta BIPOBAKCHHS
aJanTUBHUX CUCTEM i1 0OpOOKH ayiOCUTHAJIB, 10 JIO3BOJIUTH MOKPAIIUTH SKICTh
Ta TMEepCOHANI3allll0 MEIIaKOHTEHTY B YMOBaxX ICHYBaHHS peajJbHUX 3BYKOBHUX
CEPEIOBHUII] Ta OTOYCHHSI.

Metoau nociigkeHHsi. JlJiss JOCSATHEHHsSI IMOCTaBJIEHOI METH BHUKOPHCTAHO
METOAM aHAJITUYHOTO Ta KOMIT IOTEPHOTO MOJCITIOBAaHHS 3 BHKOPHUCTAHHSIM
iHcTpyMeHTapito Matlab, a Takoxx MeTomu eKCIepUMEHTANIBHOTO MOCHIKCHHS Ta
METOJI EKCIEePTHUX OINHOK. [Ipu aHamTHYHOMY OIlIHIOBaHHI 3aCTOCOBYBAJIUCH
MaTeMaTU4YHl MOJEJNl YacOBO-YACTOTHOTO TPEACTABICHHS CHUTHANIB, TakKi fK
CHEKTpOTpaMU Ta MEJ-CIIEKTPOrpaMH, M0 JI03BOJWIO (hopMaiizyBaTH MpolecU
BUJyYEHHS O3HAaK Ta ajanTamii aynaiocurtHamiB. Komm’roTepHe MoOeNOBaHHS
31MCHIOBANIOCS. 13 BUKOPHCTAHHSM BIJKPUTOTO MPOTrpamMHOro 3a0e3NeueHHs Ha
OCHOBI Cy4YaCHMX HEMPOHHUX MEPEX, 30KpeMa 3TOPTKOBUX Ta PEKYPEHTHHX
apXiTeKTyp, 110 Jalyd 3MOTy €(QEeKTUBHO peajidyBaTH pi3HI acleKkTu O0O0poOKu
aKyCcTU4YHOI 1H(popmarlii. EkciepyuMeHTanbH1 JOCTIKEHHSI BKIIOYAIU KUIbKa €TalliB,
30KpeMa TECTYBaHHS PO3POOJICHUX CHCTEM Ha pi3HUX HabopaxX JaHUX, OI[IHIOBAHHS
TOYHOCTI Ta aJanTallli CHTHaJIIB Y CKJIQJIHUX aKyCTUYHUX YMOBaX.

HaykoBa HOBHM3HA 0/Iep)KaHUX PE3YJIbTaTIB MOJISITAE y TOMY, II10:

1. Brnepiue po3po6ieno cucreMy i1eHTU(IKaIlT 32 TOJI0COM, SIKa € CTIHKOIO
JI0 TITYYHO MiAPOOJICHOTO TOJIOCY 1 MOKa3y€e BUCOKY TOUHICTh CXO0OCT1 3 €TaJJOHHUM
3amucoM Bijpasy 3a 4 KpUTEPISIMHU.

2. Bnepmie mnoOyaoBaHO aKyCTHUYHY MOJIENb PO3Mi3HABAHHS MOBHHUX
CUTHAJIIB 3 TMIATPUMKOIO HEUPOHHOI MEpexki, SKa JO03BOJIIE B SAKOCTI BXIJTHOI
iH(dopMaIlli BUKOPHUCTOBYBATH YKpaiHChKI cioBocnonydeHHs. Jlms i peamizamii

pPO3pO0JIEHO 3MIHEHY PEKYPEHTHY HEUPOHHY MEPEXKY, sIKa BUPI3HAETHCA THM, IO 32
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paxyHOK BOYJIOBaHOI mam’siTi B CTPYKTYp1 €Tal HaBYAaHHS Ta TECTYBAHHS HEUPOHHOI
MepeXxi MOJIe1 MOKHA TPOBOJIUTH OJIHOYACHO.

3. Y 10CKOHAJIEHO TTPOTPAMHHI aJITOPUTM JiepeBepOepartii 3aniucanux aymio
CUTHAIIB 3 aAUTHUBHUM JIOJIaBaHHSIM IIIyMY, JI€ BUKOPUCTAHO 3rOPTKOBY HEUPOHHY
Mepexy 3a apxiTektyporo U-Net 1 sika aganToBaHa J0 3alHCy HE TITBKH TECTOBUX
CUTHAJIB TUITY ‘CIIecK’ abo “mocTpin’, ajie i CIIOBOCIIOIYYEHb YKPATHCHKOI MOBOIO.

4, Halyno momanbmioro po3BUTKY CTBOPEHHSI CUCTEM KIIOHYBaHHS TOJIOCY
3a PaxyHOK BBEJICHHS MOCIIIOBHO TPHOX MONEPETHHO HABYCHUX HEMPOHHHUX MEPEK.
Takuii miaxig J03BOJIMB 30€perTd  akieHT, IHTOHAIWHI Ta 1HIN (POHETHYHI
0COOJIMBOCTI Y CUHTE30BaHUX (hpa3ax sIK aHIIIICHKOI, TaK 1 yKPaiHChKOI MOB.

OcolOucTHii BHecoKk 3100yBa4va. YcCi pe3yiabTaTu, HaBEJCHI y AUCEpTaIliiHIMi
poOOTI 1 BHHECEHI Ha 3aXMCT, OTPUMAHO 3a AaKTUBHOI ydYacTi 3100yBada Ta
OMmyOJIIKOBaHO Y CIIEHIaNI30BaHUX (PAXOBUX BUAAHHSX.

VY poboti «JlocaimkeHHsT OCOOJIMBOCTEH CTBOPEHHS EJNEKTPOHHUX CHUCTEM
pO3Mi3HAaBaHHS MOBHM Ha OCHOBI HEHWpOHHUX Mepex», bopucos I'., Tpaneson K.,
Bueni 3aIUCKH TaBpiiicbkoro HaI[lOHAJIBHOTO YHIBEPCUTETY IMEH1
B.1.Bepuancekoro. Cepisi: Texuiuni Hayku. Tom 33(72), Ne5, 2022, ony6iikoBaHii y
CIIBaBTOPCTBI, 3100yBayu OyB CIIBaBTOPOM MPOTPAMHOTO KOJY.

Y poboti «OcobmuBocTi AepeBepOepallii MOBHUX CHUTHAJIiB 3a JIOMOMOTOKO
HeHpoHHUX Mepex», bopucoB I., Tpanezon K., Bicuuk Kpemenuyipkoro
HalllOHAJIBHOrO YyHiBepcuTeTy iMeHl Muxaina Octporpaacskoro. 2023. Bumyck 3
(140), omyOmikoBaHii# y  CHIBaBTOPCTBI, 3100yBad  OCOOMCTO  IPOBOIHB
€KCIIEpUMEHTAJIbHI JIOCHII)KEHHS, YACTUHA IKUX BUKOPUCTOBYETHCS y AUCEPTALIHINA
po0OTI.

Y  poboti «JlocmimkeHHsT OCOOJMBOCTEH CTBOPEHHS TEKCTOHE3AICKHUX
rOJIOCOBHX CHCTEM JOCTYITY 3 3aXMCTOM Bija cnyddinr-atak», bopucos I'., Tpane3on
K., Bicuuk KpemeHuynpkoro HalloOHaJbHOTO YHIBEpCUTETY 1MeHI Muxaiina
Octporpaacbkoro. 2024. Bunyck 1 (144) onyGnikoBaHiil y criBaBTOpCTBI, 3700yBay
O0COOHMCTO  MPOBOJAUB  €KCIEPUMEHTAlIbHI  JIOCTIHDKEHHS,  4YacTUHA  SIKUX

BUKOPUCTOBYETHCS Y JUCEPTAIIiHIN pOOOTI.
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VY poboti «llinxonu Ta MPUHIMIN CTBOPEHHS CHUCTEMU KIOHYBaHHS TOJIOCY»,
bopucos I'., Tpane3on K., Bicuuk KpeMeHuylbKOTO HaIllOHAJILHOTO YHIBEPCUTETY
iMmeHni Muxaitna Octporpaacekoro. 2024. Bunyck 4 (147), omyOmikoBaHiil y
CITIBaBTOPCTB1, 3/J00yBady OCOOMCTO MPOBOJUB EKCIIEPUMEHTAIbHI JOCIIKCHHS,
YaCTHHA SKUX BUKOPUCTOBYETHCS y JUCEPTAIliiHIN pOOOTI.

IIpakTuyHe 3HAYeHHS OTPUMAHMX pe3yJbTaTiB. [IpakTHuHe 3HAYCHHS
OTPUMAaHUX PE3YJIbTATIB MOJISATAE y PO3POOIIl Ta BIPOBAKCHH] €()eKTUBHUX IT1]IX0/11B
00poOKK akycTH4HOI iH(popMaIllii, ki 0a3yloTbcsd Ha MPUHIMNAX (YHKIIOHYBaHHS
Cy4acHUX HEUpOHHUX Mepex. OTpuMaHi pe3ylbTaTh MOXKYTh OyTH BUKOPHUCTaHI IS
CTBOPEHHS  CHUCTEM  aBTOMAaTHYHOTO  pO3Ii3HABaHHS  MOBJEHHS, CHHTE3Y
MEPCOHAII30BAHOTO TOJIOCY, aJaNTallii ayJlOCUTHAJIB A0 PI3HUX AKyCTHYHHUX YMOB
Ta 3MEHIICHHS BIUIMBY IIyMIB 1 peBepOepariii. 3anmporoHOBaHI aJiropuTMH Ta
MIIXOAW € YHIBEPCAIbHUMHU Ta MOXYThb OYTHM IHTETPOBaHI y IIMPOKUNA CIEKTP
3aCTOCYBaHb, TaKMX K T'OJOCOBI MOMIYHUKH, CUCTEMH O€3MEeKH, CIyXOBI araparTw,
Meau4He o0nanHaHHs, iHTepdeiicu "pozymHOro OyAuMHKY" Ta MYJIbTUMEIINHI
mnatgopmu. [lpakTuyHa 3HAYYHIICTH POOOTH MIATBEPIKYETHCS MOKIMBICTIO
BUKOPHUCTAHHS 1i pe3yJbTaTiB JJIsl MABUIIICHHS TOYHOCTI, CTIMKOCTI Ta aJalTHBHOCTI
Cy4aCHUX TEXHOJIOT1M MEePCOHAII30BAHOTO MEI1aKOHTEHTY.

3B'130K p0o00TH 3 HAYKOBMMH NIPOrpaMaMHM, IVIAHAMH, TEMaMH.

Buxknazneni y qucepraiiii HOB1 TEOPETUYHI Ta MPAKTHYHI PE3yIbTaTH AOCTIIHKEHb
MOXYTh BHUKOPHUCTOBYBAaTUCA TMIPU po3poOLl cucTteM OOpoOJeHHS aKyCTUYHOI
iH(dopMaIli Ta CTBOPEHHS ayAlo KOHTEHTY 3 3aCTOCYBaHHS TeXHOJoOrid [HTepHeTy
pedeil, a TakoXX Yy OCBITHbOMY IHIpOLieCi NpPH MIATOTOBLI HOBUX HaBYaJIbHUX
JTUCLUILIIH 3a criemiaibHicTio 171 EnekTpoHika.

Anpobania pe3yabtatiB aucepramii. OCHOBHI TOJOXEHHS Ta PE3yIbTaTH
JTUCEPTALlIMHOTO  JTOCTI/DKEHHS JOTOBIJaIuCh Ha 1 MDKHApOAHIA HAyKOBO-
MpaKTUYHINA KOH(DEpeHTIii:

1. Oco6mMBOCTI CTBOPEHHS EJIEKTPOHHUX CHUCTEM pO3Mi3HABaHHSA MOBH Ha

ocHOB1 HeWpoHHux Mepex. bopucos I'. O., Tpanezon K. O., XI Mixnapoana
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HAyKOBO-TeXHIYHAa KoHbepeHuis «PagloTexHIYHl TOJs, CUTHAIM, amnapatd Ta
cuctemm», KIII im. Iropsa Cikopcekoro, 22-24 nuctonana 2022 p.

Ilyoaikanii. 3a pe3yabraramMu JOCHITKEHb OMyOJIKOBAaHO S5 HAyKOBUX
nyomikamii (3 HuX 4 cTarTi 'y HaykoBuUX (axoBMX BHJAHHIX YKpaiHM 3a
cnemianbHicTio 171 Enexktponika.

CTpykTypa Ta o0csr auceprainiiiHoi podoru. PodoTa ckianaeTscs 31 BCTYINY,
TPHOX PO3AUTIB, CIIUCKY BUKOPHUCTAHUX JpKepen 13 92 HalimMeHyBaHHS Ta 3 JOJAaTKHU.
PoGora mictute 29 pucyskiB Ta 21 Tabmumg. 3aranpHUE 00CsT aucepTariiiHOl

pobotu cknagae 137 cTopiHka.
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1. JITEPATYPHUUA OI'JISA]I

1.1 InnoBaniiiHi migxoau 10 00po0IeHHSI Ay TIOKOHTEHTY

OOpobnenns ayaioiHdopmallii, Hamnpukiag, 3 MeTow QiabTpamii i1 Bif
HeOakaHUX LIyMiB a0o Ui BUSABIICHHS aHOMAaiil mpu ii mMpociyXOBYBaHHI MOKHA
IIPOBOJIMTH HAa OCHOBI PI3HUX MIAXOJIB Ta aJIropuTMiB. Tak, Jeski pO3pOOHUKH
IPOIOHYIOTh BUKOPUCTOBYBATH IMPUXOBAaHI MAapKIBChbKI MOJEIN, SIK AyXKe 3py4yHUMN
3aci0 11 aHamizy (OHEM Yy CIOBECHUX KOHCTPYKIISX. AJie B JaHOMY BHUIAJKY,
HEOOX1JTHO MaTH BEJIMKUN HAOlp HABYAIBHUX JAHUX, BMITH MPOBOJIUTH (POHETHUHUM
aHaji3 Ta, BJIACHE, 3HATHU SIK CaMe€ CTBOPIOIOTHCS CTATUCTUYHI MOJENI ISl OI[IHKH
BIPOT1IHOCTEN MEPEXO/IIB MK PI3HUMHU (POHEMAMH Ta CIOBaMH. [HII MPOMOHYIOTH
MeToau (GUIbTpallii CHTHANB, HA OCHOBI SIKMX MOXJIMBE OYHIIEHHS CHUTHAJIB BIJ
myMmy. AOCOIIOTHO 1HIIUM MEPCHEKTUBHUM MIAXOA0M JJI MIPOBEACHHS 00pOOIICHHS
ayJlioJJaHUX MOXE CTaTU BUKOPHUCTAHHS HEUPOHHUX MEPEXK, 3aBIASKH 4YOMY JUIS
KOpPUCTyBauya CTa€ JOCTYIHUM TMPOCTHH 1 eQeKTUBHUN IHCTpyMEHTapid 3
HaJaIlITyBaHHs Ta aJamnTallii X MepeX Yy BUITAJKYy, KOJU Pe3yJbTaT 0OpOOJICHHS
CUTHAJIy TOTpeOye 3a0e3neueHHs MEeBHOI SKOCTI BIATBOPEHHS, SIK OT Yy BHITQJIKY
poOOTH 3 MOBHMMHM CHUTHajamu. Taki BUMOTM HIOJO SIKOCTI ayJlOCHUTHANIIB JyXke
4acTO BUHUKAIOTh Y BUNAJKaX CTBOPEHHS CUCTEM 3 pO3Mi3HABaHHS 00pa3iB Ta MOBH,
Ipu TPOBEACHHI MpOIEAyp JepeBepOepaliii 3amucaHUX CUTHAIIB B IMPUMIIICHHI
aKyCTUYHO HE HAJAITOBAHUM JJII TaKOTO BHJY 3amuCy, MPHU 3alUCi ayJiOKHUT 3
TEKCTOBOTO  JpKepena (CHUCTEeMH O3BYYyBaHHS  PO3MOBHOTO  TEKCTYy), TIpH
HaJalTyBaHHI Ta CTBOPEHHI TOJIOCOBHUX ACHUCTEHTIB, SIKI aHAJOTI4HI CBITOBUM
po3poOkaMm Bia kommaHiii Google un Amazon [1]. HelipoHHi Mepexi TO3BOJISIOTH
Py ayai0oaHali3l BUIIUJIUTH BaXKIWBI O3HAKW, SIKI XapaKTEepHI, HAMPUKIAM, IS
MOBHOI'O CHUTHaJly — aKIEHT, IHTOHAIllS, apTUKYJsIis Tomo. HatomicTs,
3aCTOCYBaHHS HEHUPOHHUX MEPEX JO3BOJISIE peali3yBaTH CHUCTEMH PO3Ii3HABAHHS
MOBHU, CHHTE€3y MOBH, 1 HaBITh JIOMOMAara€ BUSBJISTH aHOMaiii B aymiomanux. J[o

YyCiia OCTaHHIX BIJHOCSATh HANpPHUKJIAJ PpPaHHE BHUSBICHHS 3BYKIB, IMOB’S3aHUX 3
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XBOpOOaMH y JIFOJIMHI, HAacaMIepe, JIeTeHb (CTETOCKOIIYHI 3BYKH), ceplst (apuTMis).
Takox HEWpOHHI Mepeki MOXKHAa BUKOPHCTAaTH TIPH JOCIIPKEHHI aHOMalii y
BUMaAKaX (YHKLIOHYBAaHHSA pPIi3HUX MallMH Ta MEXaHi3MiB y HPOMHUCIOBOCTI. IX
BUSIBJICHHS JIO3BOJIMTh YHUKHYTH BIJIMOB IIpH POOOTI BIAMOBIAHOTO 0OJIaTHAHHS.
[HIIMM acmeKToOM 3aCTOCYBaHHS MEPEK MOXKE CTaTH iX BIPOBA/DKEHHS B CHCTEMax
BIJICOHATJISTY, TPUYOMY HE JIMIIIE B SIKOCTI OCHOBHU T'OJIOCOBUX ACHCTEHTIB, a M KOJIU
HEOOX1/THO, 3aJJ1s MABUIIEHHS PIBHS 3aXHCTYy TEPUTOPIi, MIBUJKO OTPUMATH aHAMTI3 1
peaxilito Ha HEe3BUYHI 3BYKOBI CUTHANU (BTOPTHEHHS Yy MPUMIIICHHS, pPO30UTTS CKJIa,
To110). CTBOpEHHS CHUHTETUYHOIO MOBHOTO CHUTHATY TaKOX CTa€ MOXJIMBUM Ha
OCHOBI 3aJIy4eHHSI HEHPOHHOT MEpPEeXKI 1 1l HapsAM YCHIIIHO ChOTOJHI peai30BaHO

IIPY CTBOPEHHI ayA10BI3yallbHUX €(PEKTIB JIsl KOMII IOTEPHUX IFOP Ta BIIEOMPOIYKTY.

1.2 AHAJII3 CUTHAJIIB MOBJICHHSA

AHani3 MoBIeHHs Mae OaraTto pi3HHX (OpPM 1 BUKOPHUCTOBYE PI3HOMAHITHI
MeToau o0poOku curHaiiB. Kiacudikaiiis MOBJICHHS Ha 3ByYHE Ta HE3BYYHE, OI[IHKA
OCHOBHOI 4YacTOTM Ta 1AeHTH(]iKalisd (OPMAHTIB € TUINOBUMHU NapamMeTpaMmH, SKi
MOXHAa OTPUMATH 3a JIOMOMOTOIO0 aHajli3y MOBIJICHHS. Takok MOKHA BIJIOKPEMUTHU
crienu(piyHl XapaKTEPUCTUKU MOBJICHHS, SIKI CTOCYIOTBhCS KOHKPETHOT'O 3aBJaHHS
00poOku MoByieHHS. Hampukian, icHye Oe€3iiy aJirOpuTMIB BUAUICHHS O3HAK, SKi
MOXXYTh OyTH BUKOPHCTaHI Ha TTOYATKOBUX €Tanax CUCTEM PO3Ii3HABAHHS MOBJICHHS.
[li Merogu BUIIIEHHS BUKOPUCTOBYIOTH PI3HI (OPMHU aHaizy MOBJEHHS IS
OTPUMAHHS XapaKTEPUCTUK, SIKI JO3BOJISIIOTH PO3PIZHATH Pi3HI 3BYKH MOBJICHHS.
OnHUMH 3 BOKJIMBUX METOJIIB aHAIi3y MOBJICHHS € aHali3 JIHIMHOTO TepeadadyeHHs
(LPC)[2], uacToTHmii aHami3[3], Ta KencTpaibHuii aHami3[4].

Amnani3 miniitHOTO Tependadenns (LPC) — e meton oOpoOKu CUTHANIB, KU
BUKOPUCTOBYETHCS IS MOJICITIOBaHHS MOBJICHHeBHX curHaiiB. LPC anamizye
CUTHAJI, BU3HAYAIOUM WOTO YAaCTOTHI XapaKTEPUCTHUKHU, 3aCHOBAaHI Ha MPUITYIICHHI,
0 KOXEH 3pa30K CHUTHANy € JIHIMHOI KOMOIHAIE€K MOMEepeaHiX 3paskiB. Bin

3aCTOCOBYETHCS JJIs1 BUIUIEHHS [TapaMeTPiB TOJIO0COBOIO TPAKTY, TAKUX SIK (DOPMaHTH,
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1 U1t KogyBaHHsI MOBJeHHsI. LPC mHMpoKo BUKOPUCTOBYETHCS Y CUHTE31 MOBJICHHS,
pO3Mi3HaBaHHI, a TaKOX y HU3BKOMIBUAKICHUX KOJCKaxX 3aBIsSKH €(PEKTUBHOCTI Y
CTUCKaHHI MOBJICHHEBHX JaHUX. AHaJII3 JIIHIHHOTO Mepe0aueHHs BUKOPUCTOBYETHCS
JUIS CTUCHEHHS JlaHWX, aHali3y CUTHaIIB, HOTO TaKOXX BHUKOPHUCTOBYIOTH s
3a0e3MeyeHHs 3aXUIIEHOTr0 Oe3APOTOBOTO 3B'SI3KY, 1€ TOJI0C HEOOX1THO OIU(pPyBaTH,
3amu@pyBaTy Ta NepeaTu Yepe3 By3bKHUil TOJI0COBUN KaHall.

YacToTHUN aHaNI3 — 1€ METOJ| HOCTIPKEHHs] CUTHAJIB, 1110 BU3HAYA€ YaCTOTHI
KOMIIOHEHTH, MPUCYTHI B CHUTHaNIi. BiH mepeTBOproe€ curHam 3 4acoBoi 0o0JacTi B
4aCTOTHY, 1100 MOKa3aTH, Kl YaCTOTH CKJIAJAl0Th CUTHAMI 1 3 KO 1HTEHCUBHICTIO.
3a3BUuyail BUKOPUCTOBYETBCS JJIA aHANI3y ayalo- Ta MOBJEHHEBUX CHUTHAIIIB,
Bi1Opauii, panioxBuwib Touo. HalmommpeHimmuM 1HCTpPYMEHTOM YaCTOTHOTO aHAII3Y
€ neperBopeHHs Dyp'e, ke M03BOJSE BUSBUTU MEPIOJUYHI CKIAJOBI CUTHATY 1
3pO3yMITH MOro CHEKTpalbHI BiIacTUBOCTI. Popmyna neperBopeHHs Dyp'e s

YaCTOTHOTO aHali3y CUTHAJIy BU3HAYAE€ThCs SIK [D]:

+ 00

X(f) = j x(t)e it (1.1

-0
ne:

X(f) — ue xomiutekcHuit cnektp curHany X(t) ma gacrori f, X(t) — curnan y
yacoBiit 0bmacti, j — yaBHa ommHMIA (T06TO j2 = —1), e /2™t _ xommmexcHa
eKCIIOHEHIIalbHa (QYHKIIISI, sSKa 3A1MCHIOE TMEePEeTBOPEHHS Y YacTOTHY 00JacTh.
YacToTHUI aHali3 BUKOPUCTOBYETHCA B CHUCTEMax 3B'A3KY Mpu OOpoOLIl CUTHAIIB
TOIIIO.

AHami3 amIUTITYJTHOTO CIIEKTpa MOBJIGHHEBOTO CHTHAly TIIOKa3aB, IO BiH
BKJIIOYA€E SIK 1H(GOPMAILIIO0 MPO CHEKTpPalbHY OTMHAIOUy, MOB’SI3aHY 3 YaCTOTHOIO
XapaKTEPUCTUKOIO TOJOCOBOTO TPAKTy, TaK 1 JeTali BiJl OCHOBHOI YacCTOTH Ta ii
rapMoHik. DopMaHTHUN aHaNi3 e(OEKTUBHO 3aCTOCOBYETHCS [0 CHEKTPaIbHOI
OTMHAI0Y0l, TOAl AK OIIHKAa OCHOBHOI YacTOTH MOTPEOYye TOHKHUX CHEKTpaJbHHUX
JeTaneu.

Kencrpaneuuii anamiz — 1e MeToa romMomMopdHoi oOpoOKH, IO J03BOJISE

PO3AUIMTH 111 KOMIOHEHTH. KencTpanbHe nepeTBOPEHHsI BUZHAYAETHCS K OOEpHEHE
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TUCKpeTHE  TmepeTBopeHHs Dyp’e  nmorapudMiuHOrO  CIEKTpa  MOTY>KHOCTI

KOPOTKOYAaCHOTO (pparMeHTa CUTHAIY, K MOKa3aHo Ha pucyHky 1.1 [5].

MOBJIEHHS Bikno IlepeTBOpeHH Obeprene KeTcTp
——————» KOpPOTKOYacH 4 DVD'e log |- MEPETBOPEHH [———————»>
Oro aHaJizy yP s Dyp'e

Pucynok 1.1 — KernctpasbHe nepeTBOPEHHSI MOBJICHHEBOTO CHTHAITY [5]

BmiuB kemcTpaibHOrO TMEPETBOPEHHS HA MOBJICHHEBUN CHUTHAd MOXHA
MOSICHUTH TAaKUM YMHOM. BXIigHWI MOBIEHHEBUW CUTHAT X(Nn) CKJIamaeTbes 3i
3rOPTKHU JIBOX KOMIIOHEHT: IMITYJIbCHOI XapaKTEPUCTUKU TOJIOCOBOrO Tpakty h(n) i
CUTHAITY 30y KeHHS U(n):

x(n) = h(n) * u(n)

[leperBopennst curHany x(n) 'y Jorapu@MiuHud CHEKTp MOTYXKHOCTI,
log| X (f)|?, nepeTBopioe onepariito 3ropTKH Ha ONepallilo JogaBanHs [5]:

log|X(f)| = log|H(f)| + loglU(f)l.

JlorapudMiyHui CHEKTpP TMOTYKHOCTI KOMIIOHEHTa TOJIOCOBOTO TpPAakKTy,
log|H(f)| Burnsmae sik cnekTpalibHa OTMHAIOYA, IO TOBUIBHO 3MIHIOETHCS B3IOBXK
oci gacror. Kommnonent log|U(f)| BimoOpaskae TOHKI CIeKTpaabHi JeTali OCHOBHOI
YacTOTH Ta 11 TapMOHIK 1 3MIHIOEThCA Habarato MBUAIIE, HI)XK KOMIIOHEHT
roJ0COBOr0 TpakTy. s 3aBeplIeHHs] KENCTPajIbHOIO MEPETBOPEHHS BUKOHYETHCS
oOepHeHe AucKkpeTHe neperBopeHHs Dyp'e jmorapuMiuHOTO CIEKTpa aMILTITY/,
log|X(f)|. e no3BoJsie po3aiIMTH KOMIIOHEHTH T'OJIOCOBOTO TPAKTy Ta 30y KCHHS
curHairy. [loBUIbHO 3MiHIOBaHa iH(OpPMAIlis MPO TOJOCOBUN TPAKT PO3TAIIOBAHA B
0o0NacTi HU3BKUX KEIMCTpeHIINH KemcTtpa (KemcTpeHuis — I1e o0JacTh, sKa
YTBOPIOETHCS TICHS KEMCTPATBHOTO TEPETBOPEHHS 1 BUMIPIOETHCS B CEKyHIAX).
KommoneHnT 30ymKeHHS, SKUH 3MIHIOEThCS IIBHJIIE, 3HAXOJUTHCS B 00JacTi
BHUCOKHMX KENCTpPEHLIH. 3aCTOCYBaHHS HHU3bKOYACTOTHOTO BIKOHHOTO (inbTpa 10

Kerncrpa 30epirae iH(oOpMaIio Mpo TOJOCOBUU TPaKT, TOJI SK BHCOKOYACTOTHHI
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BIKOHHUN GIbTp 30epirae iHdopmaiito mnpo 30ymkeHHs [5]. Ha pucynky 1.2

300pakeHO MPUKJIa] KEncTpa pparMeHTa MOBJICHHS.

ﬂ”#HhwmHm#ﬁhW?tqumﬂﬂmﬁw*%hd*wbﬁﬂAWWﬂMﬁ

1] 2 4 & 8 10 12 14 16
Quafrency : miliseconds

Pucynok 1.2 — Kenictp ¢parmenTa (kaapy) MOBICHHS TpuBaiicTio 16 mc [5]

KencTp € mocnigoBHICTIO KENCTPAIbHUX KOE(PIIEHTIB, sIKI BAKOPUCTOBYIOTHCS
JUTSL aHaNI3y CHEKTPAIbHUX XapaKTEPUCTHUK, 30KpeMa CHEKTPaJIbHOI OTMHAI0YOi, sIKa
BiJ0Opakae 0COOIUBOCTI FOJIOCOBOTO TPAKTY JIFOJIUHHU.

binbmiicte  cucTeM  po3Mi3HaBaHHS MOBJICHHS BHUKOPHUCTOBYIOTH —BapiaHT
KeTcTpajdbHUX oO3HaK, BigoMuid sk MEL-gactoTHi KemcTpayibHi Koe(illieHTH
(MFCQC)[6, 7]. Ananiz MFCC cnpsmMoBaHui Ha BHWIUICHHS JIMIIE KOMIIOHEHTH
r0JIOCOBOI'O TPAKTY, BUKOPUCTOBYIOUM 4acTOTHY wkamy MEL, 110 iMiTye 9yTIuBICTb
JIOACHKOTO ByXa: BUCOKa PO3JUIbHA 3JaTHICTh Ha HU3BKUX YAaCTOTax 1 HU3bKA Ha

BHUCOKHUX. AJITOPUTM CTBOPEHHS ITUX KOE(DILIEHTIB HABEJICHO y 2-MYy P03l poOOTH.

1.3 Ouinka po30ip/IMBOCTi MOBJICHHA

[Ipu Oynp-sikoMy TIEpeTBOpEHHI a00 TeHepallli MEIIaKOHTEHTY OJIHUM 3
BOXJIMBUX (AKTOpPIB  SBISIETbCS  KUIbKICHA OI[IHKA SKOCTI  MEIIAKOHTEHTY.
Po36ipauBicte MoBieHHs (SI) € BaXIMBOIO JJIs PI3HUX Tally3ed JTOCHIIKCHb,
1HKeHepii Ta A1arHOCTUKH, OCKIJIBKH BOHA JO3BOJISIE KIJILKICHO OI[IHUTH P13HOMaHITHI

ABUIIA, Takl fAK SKICTb 3alKCiB, MPUCTPOIB Ml KOMYHIKalii Ta BIATBOPEHHS,
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peBepOepariro 'y 3ajax, XapakTEepUCTUKA TOPYIIEHHS CIyXy, KOPHUCTh BiA
BUKOPHMCTAHHS CIIYXOBHX arapaTiB a00 moeaHaHHs UX (pakTopis [5].

OyHKIIisT po30iIpIUBOCTI OMUCYE PO3OIPIUBICTH MOBJICHHS CiIyXaya K (DyHKIIIIO
piBHs MoBiieHHS L (y nb), akuif Moke BITHOCHUTHCS a00 J10 PIBHS 3BYKOBOT'O THCKY
MOBJICHHEBOTO CHUTHaIy, a00 /O CIIBBIJHONMICHHS CHUTHAJI-IITyM, SIKIIO TECT
IIPOBOJIUTHCS B yMOBAaX 3aBa.

Y 6inbmocti BunaakiB ¢pyukifiro SI(L) MojkHaA MigirHaTH 10 eMIIPUYHKUX JaHHX,

BUKOPUCTOBYIOUH [5]:

A-1

L— SLmid)

1
SI(L) = = 14 Skpax
4 1+ exp (-
exp
ae:
Lniqa — P1IBEHb MOBJICHHS B CEPEIMHHINA TOYL (PYHKIi pO301pJIUBOCTI.

- : Shmax(A—1
s: mapameTp Haxwity. Haxwi B Touti L,,;4 AOPIBHIOE —m‘:‘:s ),

Slyax: TapamMeTp UIsi MaKCUMaJbHOI pO30IpAMBOCTI. Y NEAKHX BMIIaJIKax L€
3HaYeHHS MOXKe OyTH MeHIe HiK | (Hampukiaj, y BUMAAKaX CIIOTBOPEHUX MOBHHUX
CUTHAJIIB a00 IIJIsl CIyXadyiB 3 MOPYIICHHSM CIyXy). ACUMITOTHYHUNA MakcuMyMm Sl
TOPIBHIOE Sy + (1 — Slpax)/A

A: kinpkicTh BapiaHTiB Biamosini. Hampukman, A = 10 komm cimyxad Mae
BIJIMIOBICTU y 3aKpuTOMYy (hopmaTi BIAMOBIIl, BUKOPUCTOBYIOUM LH(ppu Bia «0» Ao
«O». ¥ tecrax Sl 3 «BiAKpUTHM (hOopMaTOM BIJMOBII», TAKHX SIK TECTH Ha clioBa 0e3
OOMEXEHHS KIJTBKOCTI BapiaHTIB BIJAMOBIJI, BBAXAEThCS, IO A JTOPIBHIOE

HECKIHYEHHOCTI, 1110 03Havae [5]:
1

1+ exp (— L= Limia sLmid) .

SI = SI...



27

1.4 [lepeBepOepainii MOBHUX CUTHAJIIB

JlepeBepOepartiss — 11e mpoIec YCyHeHHsS a00 3MEHIIIeHHS eeKTy peBepoepairii
B ayJ1OCUTHAJI, KWW BHHUKAE yepe3 OaraTopa3oBi BIAOUTTS 3BYKY BiJl TOBEPXOHb
MPUMIIIECHHS, B IKOMY TIPOBOIUTLCS 3aIHC IBOTO ayI0CUTHATY.

Pucynok 1.3 nmokasye noeaHaHHS BIIOMHX CXeM OOpOOKH, a came aJanTHBHOTO
audepenniinoro mikpodpona (ADM) [8] Ta OiHypaabHOI CXEMH 3HHKCHHS
peBepOepamii  [9], 1m0, MOXIHBO, TPEACTABISA€ MOTOYHUNA ONTUMYM  JUIS

BUKOPHUCTAHHS B YMOBaxX JU(Py3HOTO Ta peBepOepaliifHoro mymy.

P SN TN

ADM ADM
I»De;e\./erberétioni]

|

Pucynok 1.3 — CxeMa ciryxoBoro amapaty 3 GpyHKIi€ew aepesepoeparii [5]

3arasibHa cxema OiHaypalibHOI OOpOOKHM, 10 TIOEAHYE JBa aJlalTHBHI
mudepenuiiai Mikpogouu (ADM), mo onHOMYy Ha KOXHOMY BYCI, Ta CXEMY
OlHaypadbHOTO 3HIDKCHHS peBepOeparlii, ska 3a0e3nedye TPHUAYIICHHS OJJHOTO
JDKepelia HamnpaBJICHOTO IIyMy, a TakoX JAudy3Horo (OHOBOro mIymMy Ta
peBepOepaii [5].

BaxxnuBuMm acnekToM mpu  po3poOlll CIyXOBHX amapaTiB € 3a0e3leueHHS
YUCTOTO 3BYKY Ta BUCOKOi 4iTKOCTI BUMOBH [10]. Takoxx Helipomepexi aKTUBHO

BUKOPUCTOBYIOTHCS JIJIS TIepeaadi rOJI0OCOBUX KOMaH/ 4epe3 MiKpohOHH, 1110 Biirpae
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KJIIOUYOBY POJIb B YIpPaBIiHHI OCHOBHUMHU CHCTEMaMH PO3yMHOr0 OYJIHHKY, i€
HEO0OX1/JIHa BHCOKAa TOYHICTh 1 UiTKICTh curHamy [11, 12]. Ogaum 3 acnekTiB
MOKpAIeHHS SKOCTI 3BYKY € AepeBepOeparlis. IcHye 6arato pisHOMaHITHUX METOIIB
nepeBepOepallli KJIacHM4HI Ta Ha OCHOBI HEMpoHHUX Mepex. OAuH 3 KIACUYHUX
METOJIB epeBepoOepartii e inBepcHU GimbTp [13].

3amaya iHBepcHOI GinbTpalii ais aepeBepOepaliii Mmojsrae B 3acCTOCYBaHHI
JIHIMHOTO, 3a3BHYail OaraTokaHajlbHOTO, (IIbTpa 0 CUTHAIIB MIKpO(OHIB s
BIIHOBJICHHS BHXIJHOTO CHTHQJIy 3a JIOMOMOTOI0 TIPOIECy, BIJOMOTO SIK
(baratokananpHa) ekBamizamis. CroyaTKy OPUIYCKAEThCSA, IO  IMITYJIBCHI
XapaKTEepUCTHUKU KIMHAaTH h BimomMi abo MOXyTh OyTH OLIHEHI 3 JOCTaTHBOIO
TOYHICTIO, HANpUKJIad, 3a JOMOMOroro ciinoi igeHTudikamii cucremu. Ilotim
O0araToKaHaJIbHUW 1HBEPCHUM (PUIBTP g MNPOEKTYETHCS 3a JIOMOMOIOI0 aJrOPUTMY
eKBaJIi3allli Ta 3aCTOCOBYEThCSI B OaraTOKaHaJIbHOMY €KBajal3epi TaKUM YUHOM, IO
cyMa BUXOMIB (IABTPIB gq,J2, -  Im Gopmye $(n), 1Mo € OI[HKOK BHUXIIHOTO
curHaiy s(n) [14].

BpaxoBytoun h Ta MikpodoHHI cHTHAIU X,,(n) maas m=1,2,....M, HOTeHIIiHO
MOJKJIMBO BHKOHATH TOYHY JepeBepOepaliito 3a JOMOMOIrO0 1HBEPCHOI CUCTEMH (,
sika MoOyI0BaHa y BiAMOBIIHIN GopMi 10  y piBHAHHI 1 CKIaTAETHCA 3 QUIBTPIB Gy,
1110 3a/I0BOJILHSIOTH piBHSHHS [14]:

kmGm = ké(n — 7)
ne k Ta 7— 1e noBUTbHMIA Koe(dimieHT MacmTady Ta 3aTpUMKa. 3a3HAYMMO, IO
Oyab-sIKi 4YacoBi 3MiHHM N THMYACOBO HE BPaxOBYIOThCS JUTs sCHOCTI [14].

VY niTepaTypi omucaHi pi3HOMAaHITHI METOAM Ta MIAXOAM IJIs OI[IHKH SIKOCTI
3anucaHoi ayaioindopmarii. Hanpuknan, y [15] aBTopu NpomoHyOTh 3aCTOCOBYBATH
nudy3iiiHl reHepaTUBHI a00 WMOBIPHICHI MOJEII, 3aCHOBAHI HAa CTATHCTHYHUX
dbpeitmBopKax, I TOKPAIICHHS pO30ipJIMBOCTI MOBHUX 3amHCiB. Ayie B poOOTi HE B
MMOBHOMY 00Cs31 HaBeJeH1 MapaMeTpy MOBHOTO CHUTHAIIy Ta HE OomHMcaHi 0OMEKEeHHS
JI0 3aCTOCYBaHHs Ha MPaKTHUIll [IUX Mozeneil. B gocmimkenHi [16] 11t OIiHKY SIKOCTI
nepeBepOepallii MOBHUX CHUTHAJIB TMPOTIOHYETHCS MPAKTUYHUI METOJ Ha OCHOBI

CTaTUCTHUYHOI MOJIEI.
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Y pobGorti [17] 3ampornoHOBaHO IIKaBUW MiAXIA JO 3MEHIIEHHS IIyMy B
3aMicaHuX MOBHHMX curHajiax. JlocimigkeHHs aKIeHTye yBary Ha Iay3aX Mix
CJIOBaMH IIiJl 4Yac PO3MOBH, KOJM Ha 3aluci MPUCYTHINW sumie (oHoBui mrym. Lli
IHTEpBaJIM THUIIl BUKOPUCTOBYIOTHCS ISl aHANI3y IIYMOBOI JUHAMIKH, 110 J03BOJISE
HA OCHOBI METO/Y CIIEKTPaJbHOTO BiJHIMAHHS Ta MAIIMHHOTO HABUAHHS 3HUKYBATH
piBeHb I1IyMy. OjHaK, OCHOBHMM HEJOJIKOM IbOTO TMIAXOQy € HOro HHU3bKa
e(EeKTHUBHICTb MPU HAIBHOCTI (POHOBOI MY3UKH IiJ] 4ac pPO3MOBH.

Jlna BupilieHHs 3a/4a4i 3HIKCHHA IIyMy Ta JeBepOepaliii MOBHUX CHUTHANIB y
po6oTi [18] 3ampomnoHOBaHO METOJI, IKMl KOMOIHY€E JIOKaJIbHY 3BaXKEHY pErpecito 3i
3Ba)XKEHUMU MOMUIIKaMU nepefdadennd. OaHak 1eil Metoj] He OyB MPOTECTOBAHUN Y
BUITQJIKaX, KOJM MPHU 3alKHCl MOBHUX CUTHAIIB MPUCYTHI CTOPOHHI JIKEpena LIyMmy
PI3HOI IPUPOJIH.

HelipoHHi Mepexi 3HaWIUIM IIMPOKE 3aCTOCYBAHHS B OOpOOLI ayJ10CUTHAIIB,
0COOJIMBO TSI TIJBUIIIEHHS IXHBOI SIKOCTL. Y cTaTTi [19] aHami3zyeTbcst 3aCTOCYBaHHS
METO/(IB MAILIMHHOTO HaBYaHHS JJIS BIJIOKPEMJICHHS MOBHUX KOMIIOHEHTIB CHUTHAIY
BiJI IIIYMIB, a TAKOX PO3TJIAIAI0THCS CTAaHAAPTHI MIAX0aU 10 AepeBepOeparii. Yumano
HAyKOBUX POOIT MPUCBIYEHO BUKOPUCTAHHIO HEUPOHHUX Mepex [20] sk KIF04OBOTro
IHCTpYMEHTY JIJIs1 BUPIIICHHS 3aJ]1a4 3HWKEHHSI 1IyMIB 1 peBepOepanii. Hanpuknaz, y
poboTi [21] 3ampormoHOBAaHO 3acCTOCYBaHHS TIHOOKOT HEWPOHHOI MEpexi s
YCYHEHHsI CIIOTBOPEHb, CIPUYMHEHUX BIUIMBOM (DPOHOBUX IIyMiB 1 peBepOeparlii B
npuMinieHHl. BUKopuCTaHHA 1€l Mepexl IUIaHYeThCA B JIBa €TalM: CHOYaTKy JIs
IIyMO3ariylieHHs, a MoTiM 1isi aepeBepoOepaiii. Jlocmimkenas [22] mokasye, 110
HEUPOHHI MEpEeXl aKTHMBHO 3aCTOCOBYIOTHCS MJii ABTOMAaTUYHOTO pPO3IMi3HABAHHS
MOBHHUX CUTHAJIIB, 3HAYHO MEPEBEPIIYIOUN TPATUIIAHI CUCTEMHU Ha 0a31 MPUXOBAHUX
MapKOBCHKUX MOJIEJICH 32 OCHOBHUMH IMOKa3HUKAMH €()EKTUBHOCTI.

[lix yac 3anucy pi3HOMaHITHOTO ayJI1OKOHTEHTY, OCOOJIMBO >KMBOTO MOBJICHHS,
HE 3aBXKIW MOXHA OOpaTh TNPUMIMICHHS 3 BIANOBIJHUMU aKyCTHYHUMH
xapaktepuctukamu. lle o3Hadae, 0 B yMOBax 3BHYAaHUX NPUMILICHb Ha SKICTb
MOBHHUX CUTHAJIIB BIUIMBAIOTh peBepOepatist npoctopy [20] 1 30BHIMIHINA 1IyM, KU

MPOHUKA€E a00 3HAXOAUTHCS B CAaMOMY MPHUMIIICHHI. 3 aKyCTHYHOI Teopii B1IOMO, IO
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peBepOepaiiisi, sika BUHUKAE BHACIIJIOK 0araTopa3oBOTO BIJOUTTS 3BYKOBUX XBHUJIb
BiJI CTIH 1 IIPEAMETIB, MOTIPIIY€E YITKICTh MOBJIEHHS, OCOOJMBO y JIIOJCH 3 BajJamMu
cnyxy. OCHOBHMM 3aBJIaHHSM MOBHOI JepeBepOepartii € 30epexeHHsT TI0O0aTBHOT
4acoBOi Ta CHEKTpaiabHOI 1H(MopMamii curHany [23], 1m0 MOXKHaA JOCSATTH 3a
JOMOMOTOI0 HEUPOHHKX Mepex [21].

Icnye ©Oarato wMeToAIB YCyHEHHS peBepOepalllii Ha OCHOBI OJIHO- Ta
OaratoMmikpooHHHX cucTeM [23], Takux sK iHBepcHa inbTpamis [22, 24],
0araToKpoKOBI JiHiiHI mporHo3u [25], aBTOMaTHYHI MOBHI KOoAepH Ta jekoaepu [17],
a TakoX 00poOKa CreKTpaabHOi 0071aCTi MOBHOTO CUTHAITY 3 BUKOPUCTAHHSIM METOIY
HaliMeHIMX kBajpatiB [17]. [IpoTe, OCHOBHUM HEMOIIKOM LUX MIIXOIB € TE, LIO0
BOHHU HE TIOBHOIO MIpPOIO BPaXxOBYIOTh CIEKTPANbHY CTPYKTYPY MOBIIEHHS, Yepe3 IO
MOXXYTh BTpauaTUCAd YITKI YacOBO-YaCTOTHI 3aKOHOMIPHOCTI, XapaKTepHl IS
MOBHOTO CHUTHAIY.

Inest 3acTrocyBaHHSI HEMPOHHUX MEpeX JIsi 0OOpOOKM MOBHHMX CHTHAJIIB BUHUKIIA
3aBASKU 1X 3/JaTHOCTI YCIIIIIHO BUPINIYBAaTH CKJIAJHI 3aBJaHHS, TaKl SIK KepyBaHHS
0€3MIJIOTHUMH TPAHCIIOPTHUMU 3ac00aMu, PO3Mi3HABAaHHS 00’ €KTIB Ha 300paKeHHSIX,
roJIOCOBE PO3Mi3HABAHHS Ta MAIIUHHUW Tepekiaj. Y HaIlOMy BHITQJKY, SKIIO
MEPETBOPUTH 3alMCAaHUN MOBHUN CHTHAN 3 peBepOepalli€ro Ta MmyMOM y YacTOTHY
dbopmy, crnekTporpama Moxe OyTH TpeAcTaBlieHa sIK 300pa)KeHHs. 3aBJaHHSA
HEHPOHHOI MEpEeXK1 MOJsTae B aHalli31 Ta KOPEKIIil IbOro 300pa)keHHs, 1100 30epertu
XapaKTepHI OCOOJIMBOCTI CHUTHANY, Takl sIK (POPMaHTH, KJIAl@aHHS, BUCOTA TOHY, a

TaKOX BIUIMB peBepOepallii Ta afuTUBHOTO myMmy [26].

1.5 AnanTuBHI cucremMu 00po0JIeHHSI AKYCTHYHOI iHGopmauii

3MaTHICTh HEMPOHHUX MEpeX JO0 aJalNTUBHOCTI peali3yeTbcs — uepes
BUKOPHUCTAHHS METOJIB MAIIMHHOTO HaBYaHHA, TAKUX SK, 3BOPOTHE MOIIUPEHHS
NOMMJIKM Ta airOpUTMU ONTUMI3alii, HAOpPUKIAJ, METOJl CTOXaCTUYHOIO
IpaJilEHTHOTO cnycky. Lle mo3Boiisie cucTeMaM HaBYATHCS Ha OCHOBI OTPUMaHUX

AKyCTUYHUX JIAHHX 1 TOKPAIIyBaTH CBOI PE3YyIbTaTH 3 KOXKHOIO 1TepaIli€lo (IUKIOM).
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VY KOHTEKCTI mepcoHaii3aiii 1€ O3Hayae, L0 CHUCTEMH MOXKYTh ABTOMAaTUYHO
HAJAIITOBYBATHUCS I11/1 KOHKPETHI YMOBHU KOPUCTYBayda, HAMPUKIIA[, afanTyBaTUCS 10
aKLEHTy, TeMOpY TroJIOCY YM HaBKOJHUIIHBOTO IIyMy. THM camMuM 3MIHIOIOTHCS
napamMeTpu CHUCTEMH, MEPEepO3MOAUIAIOTECS Bard CKJIaJI0BUX EJIEMEHTIB BCEPEAMHI
rapy HEMPOHHOT MEPEXKI.

Ak Bxke Oylio 3a3HAUYCHO Y BCTYI, HEHPOHHI MEpPEXi CTaIM HEB1JI'€MHOIO
CKJIAJIOBOIO CYYaCHHX TEXHOJOTIH 1 3HaXOASATh 3aCTOCYBaHHS y 0araThOX ramy3sx,
TaKMX SK KBaHTOBa XiMis [27], ¢inancu [28], meqummna [29], reomopdoitorist [30],
rigposiorisi [31, 32] Ta mporHo3yBaHHs Tpaektopiii [33]. BoHM Takoxk aKTHUBHO
BUKOPHCTOBYIOTHCS JIJI pO3Ii3HaBaHHA o0pa3iB: o0mmu [34], tekcty [35], romocy
[36] Tomo.

Ha cboroyiHinmHboMy eTani po3BUTKY TEXHOJIOT1M HEHPOHHI MEpeXkl BCe TIUOIIIe
IHTETPYIOThCSI Y TOBCSIKJIEHHE JKUTTA, 1 YacTO JIOAM HE YCBIAOMIIOIOTH, IO
B3a€EMOJIIOTh 3 HHMMH. [IpuKiIaau BUKOPUCTAHHS BKIIOYAIOTh I1EPETBOPEHHS
rOJIOCOBUX KOMaH] Y TEKCT, PO3Mi3HAaBaHHS TEKCTY Ha 300pa)K€HHSX 1 IEPETBOPEHHS
fioro y nudpoBi ¢aiim, a Takok aBTOMaTHYHE PO3ITi3HABAHHS HOMEPHHUX 3HaKIB [37]
IpU TOPYIIEHHAX TPaBUJI JIOPOXKHBOTO pyXy. 3riiHO 31 crarteto [38], HeWpoHHI
MepexXi TaKOX 3HAXOASATh 3aCTOCYBAaHHS B PO3MI3HABAHHI JOMIHYIOUHMX 1HCTPYMEHTIB
y HOJ1(POHIYHUX MY3UYHHUX TBOpaX.

[lepmmii  ycmimHWN  BUMANOK 3aCTOCYBAaHHS HEUPOHHUX MEpPEXK IS
po3mi3HaBaHHs 300paxkeHb BiAOyBcs y 1989 pomi, konu kommnania Bell Labs
CTBOpWJIa cHCTeMy i iAeHTHdikaimii pykonucHux udp. s HelipoHHa mepexa,
Bioma sk LeNet, moyana BUKOPUCTOBYBATHCH MOIITOBOO ciyx0o0r0 CHIA y 1990
polli Ui aBTOMATHYHOTO PO3Ii3HABAHHS IOIITOBMX IHJICKCIB Ha KoHBeptax [39].
[Ipote po3BUTOK HEHPOHHUX MEpPEX Ha TOM 4ac OyB MOBUIBHHM 4Yepe3 OOMEKeHI
MO>KJIMBOCTI OOYMCIIIOBaNbHOI TexHiKA. CuTyalisi 3MIHWJIAch 13 MOSBOI OUIBII
MOTY>KHUX OOYHCIIOBATFHUX TEXHOJIOT1H, 30kpeMa 3aBiasku BrpoBammkeHHI0O CUDA,
IO CTaJO0 KJIOYOBHMM MOMEHTOM JUISl IIBHJIKOTO MPOrpecy HEUMPOHHUX MEPEK Y
2010-x pokax. Jlesiki nocminHuku noyanu ctBoproBatu CUDA -peasnizanii HeHpOHHUX

Mmepex, cepen nepmux oyiu e Kaiiecan [40] ta Anexc Kpmkercokuit [41].
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ChorosHi HEMPOHHI MEpeXl JIOCATIM 3HAYHUX IMPOPUBIB y CKIATHUX cdepax
MaIllMHHOTO HaBYaHHS [42], 30KpeMa:

e Kinacudikamis 300pakeHb Ha PpIBHI, IIOPIBHAHHOMY 3  JIIOJICBKUMH
MO>KJIMBOCTSIMU;

® YCIIIIHE PO3Mi3HABAHHS PYKOMHUCHOTO TEKCTY 3 BUCOKOIO TOYHICTIO;

® 3HAYHE MOJIMIICHHS SIKOCTI MAIIMHHOTO MEPEKIIaTy MK PI3HUMH MOBaMU;

® BJIOCKOHAJICHHSI TEXHOJIOT1H MEPETBOPEHHS TEKCTY Ha TOJIO0C 13 MPUPOAHIIINM
3BYUYaHHSIM.

® pPO3MI3HaBaHHSA MOBHU Ha PIBHI TOYHOCTI, €KBIBAJICHTHOMY JIIOJIHHI;

OnHuM 3 KJIACMYHUX METOJIB BUPILICHHS 3a/ayl po3II3HABaHHS MOBJICHHS €
npuxoBaHi MapkiBcbki mojem [42]. IlpuxoBani mapkiBchki momem (IIMM) e
MaTeMaTUYHUM IHCTPYMEHTOM JJIsi MOJEIIOBAHHS YaCOBUX IMOCIIIOBHOCTEN JTaHUX,
30KpeMa B raiy3i po3mi3HaBaHHs MOBJIEHHS. Po3mi3HaBaHHS MOBJIEHHS — L€ MPOILIEC
aBTOMATUYHOTO MEPETBOPEHHS MOBJIEHHEBUX CUTHANIB Y TEKCT a00 KOMaHAH, SKi
MOXe po3yMiTH komm'toTep. I[IMM  103BOSIOTE  €PEKTUBHO  MOJIENIOBATH
MOCJIIIOBHOCTI 3BYKIB Y MOBIICHHI, BPaXxOBYIOUM IXHIO IMOBIPHICHY OpPHUpPOAY Ta
4acoBI 3aJI€KHOCTI.

[IMM ckianaloThecsi 3 JBOX OCHOBHHUX KOMIIOHEHTIB Hallp CTaHIB Ta HaOIip
crioctepexkeHb. Habip cTaHiB 11e KIHIIEBUHA Ha0Ip MOXJIMBUX CTaHIB CHCTEMH, SIK1 HE
CIOCTepIraroThcst Oe3nmocepeHbo (MpuxoBaHi). Y KOHTEKCTI MOBJIEHHS CTaHU
MOXYTh BiANoOBiAaTH (poHemam abo yactuHam ¢oHeM. Halip crnocTepexeHn I1ie
BUXIJIHI JIaHi, SIKI MOXKHA BHUMIpATH. Y pO3IMi3HABaHHI MOBJICHHS II€¢ aKyCTHYHI
O3HaKM, Hampukiag, Men-kerncrpanbHi koediuieHtn (MFCC), siki OTpUMYIOThCS 3
MOBJICHHEBOTO cUTHaNy. KpiM Toro, mpuxoBaHa MapKiBCbKa MOJIEJb Ma€ JBa THUIH
napameTpiB: KMOBIPHOCTI MIEPEXO0/IiB Ta HMOBIpHOCTI BuXoiB. [1i yac 3actrocyBaHHs
[IMM renepye meBHy mOCHiIOBHOCTI crnocrepexxkenb 1 = T;,T; ...T,, ne KOxHE
croctepexeHHss 1, € cUMBOJIOM andaBiTy, a N — 1€ KUIbKICTb CHMBOJIB Y
CIIOCTEPEKYBaH1M MOCI1TOBHOCTI.

HaBuanHs mapameTpiB y MNPUXOBAaHWX MAapKIBCBKUX MOJEJSAX TOJIATaE Yy

BU3HAYECHHI ONTUMAJIBLHOTO HAOOpPy HWMOBIPHOCTEH MEpEeXoJiB MK CTaHaMHU Ta
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HMOBIPHOCTEM BUXOIB IS 3a/1aHO1 TIOCJIIIOBHOCT1 CIIOCTEPEXKEHb a00 HA0Opy TaKUX
MOCJIIIOBHOCTEH. 3a3BUuail 1€ 3aBAaHHs 3BOJAUTHCS JI0 OI[IHIOBAHHS LIMX IMapaMeTpiB
[IMM wmeTomoM MaKCHMAaJIbHOI TIPaBAOMOMIOHOCTI Ha OCHOBI JaHOTO HaOOpy
CIIOCTEpPEKYBAaHUX MOCHI0BHOCTEH. 3 iHIOro 0oky, [IMM wmae psig ocoOamBocTei
K1 HEOOX1THO BPaXOBYBAaTH MPH X BUKOPUCTAHHI:

- HasIBHICTh BEJIMKOTO Ha0Opy HABUAJbHUX JAHHUX, OCOOJUBO KOJU 11 MOJENI
BUKOPHUCTOBYIOTHCS JIJII MOBHOTO KOHTEHTY (Ha0ip (hpa3 Ta CIOBOCIONYUCHB);

- HEOOX1IHICTh MPOBEACHHA (POHETUYHOTO aHalli3y 31 CTBOPEHHSM TINOTE3, SIK1
BU3HAYAIOTh TOU (haKT, 10 JaHa ¢pasa 3 MOCHIIOBHOCTI (OHEM MOSCHIOE (PparMeHT
3BYKOBOTO CHUTHAIY;

- HEOOXIJHICTh MPOBEJAEHHS OLIHKU BIPOTLAHOCTI JJIsi KOXKHOI T1IOTE3H TOTO,

110 J]JaHa MOCI1OBHICTh (hOHEM BIiJIMOBIAE 3aJaHOMY (DparMEeHTy aydi0CUTHATY.

1.5.1 Po3mizHaBaHHA TA CUHTE3 MOBH

[nentudikaiisi MOBJIEHHSI Ta CUHTE3 TOJOCY € OJHUMHU 3 BaKJIMBUX 3aBJIaHb y
chepi mammHaHOTO HaB4YaHHA [43]. Ha choroHimHIN AE€Hb TEXHOIOTIT pO3Mi3HaBaHHS
MOBJICHHSI IHTETPOBaHi y cMapT-ipucTpoi [44], cucremu "po3ymuuii Oyaunok" [45]
Ta BUKOPUCTOBYIOTHCA JIJIsl KEPYBaHHS TPAHCIIOPTHUMHU 3acobamu [46]. Okpim 1poro,
TEXHOJIOT1i 1AeHTH(IKAIIIT TOJIOCY MIUPOKO 3aCTOCOBYIOTHCS B CHUCTEMax O€3IMeKH, 110
3aiiMaroThcd ayTeHTU(IKAIED Ta BepUQIKAIlEd KOPUCTYBadiB MpPU JOCTYIl 0
3axMIIECHUX TIEPCOHANBHUX qaHux [47-53].

CuHTE3 MOBJICHHSI IPYHTYEThCS Ha AaBTOMAaTUYHOMY NEPETBOPEHHI TEKCTOBOI
iHdpopmanii B ycHe wmoieHHsS [54]. Kpim Toro, ioro BHUKOPUCTOBYIOTH Jif
KJIOHYBaHHSI TOJIOCY Ta CTBOPEHHS MIAPOOICHUX TOJOCOBUX OIOMETPUUYHUX JaHUX
moauHu [55-58].

KnonyBaHHs rojiocy — 1€ 3aBJaHHS, SKE€ MOJIAra€ y HaBYaHHI CHHTE3YBaTH
JIOACHKUHN TOJO0C 32 JOMOMOTOI0 KOMIT'FOTEPHHUX TEXHOJIOT1 Ha OCHOBI MONEPETHBO
3amucaHuX 3pa3kiB MOBJIeHHs. OCHOBHA METa 11€i MPOLEAYypU MOJIATae B TOMY, 100

P BIITBOPEHHI MOBHUX CUTHAJIIB MaKCUMAJIbLHO 30€pEerTH MPUPOIAHICTH 1 YHIKAIbHI
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0COOJIMBOCT1 OPUTIHAIBHOTO roiocy. OCHOBHOIO METOIO0 KJIOHYBaHHS € 30€pe’KeHHs
MIPUPOTHOCTI MOBIICHHS, MOTO SIKOCTI Ta MAaKCHUMAaJIbHOI CXO0>KOCTI 3 OPUTTHAIBHUM
rojocoM [59]. MoxnuBicTh 30epekeHHsI MPUPOJAHOCTI MOBH HaJla€ BUKOPHCTAHHS
MEL-cnekrporpam st HaBuaHHs HelipoHHoi Mepexi. [Ipukinang MEL-cnexkrporpamu

HaBeJIEHO Ha pucyHky 1.4.

Pucynok 1.4 — Ipuxinag MEL-cniektporpamu [60]

Taki MOXJTUBOCTI CHPUYMHIIA 3POCTaHHS BUKOPUCTAHHS ayAlomiApoOOK, sKi
CTaHOBJISITH 3arpo3y sk 3acid oOmany [61, 62], 10 B CBOIO YepTy Aaji0 MOIITOBX 0
CTBOpPEHHSI CHUCTEM iJeHTH(IKAIii TOJIOCYy Ha OCHOBI BUKOPUCTAaHHS HEHPOHHHUX
MEpeX SIK IHCTPYMEHTY JUIsl 3aXUCTY Bia cyddinr-arak [45, 50, 56].

Bapro 3a3HaunTH, 110 HAKOIIBII BPa3IMBUM €IEMEHTOM B CHCTEMax TOJIOCOBOL
imeHTrdIKaIii € cuTyarli, KOJIM MOBHUI CUTHAJI T€HEPYEThCS] HA OCHOBI OpPHUTIHAIY, 3
ypaxyBaHHSM 1HJIUBIAyaJbHUX OIOMETPUYHUX OCOOJIMBOCTEH KOpUCTyBaua dYepes
creliagbHi HamamTyBaHHs [55].

binpuricte  cucTeM  TOJOCOBOTO  JIOCTyHmy Oa3ylOThCs Ha  YHIKQJIbHHUX
OlOMETpUYHUX  XapaKTepUCTUKAX KOpPUCTyBada, 30Kkpema rojocy. Ilpouec
imeHTHdIKaIii B TaKUX CHCTEMaX CKIATAEThCS 3 KUTBKOX €TariB: 3alliC MOBHOTO
3pa3ka, MOoYaTKoBa OOpoOKa CcHUTHATYy, a TaKoX aHami3 o3Hak. JlocTym wmoxe
3IIMCHIOBATHUCS SK Ha OCHOBI TEKCTO3aJIE)KHOTO, TaK 1 TEKCTOHE3AJIEKHOTO
BucnoBtoBaHHs [47, 49]. Tlomanpun eramu BKIIIOYAIOTh CETMEHTAII0 CUTHAIY,
BUJUICHHS MOBHHMX (QKyCTMYHHUX) XapaKTepUCTHK, iXHIH aHami3 3a JONOMOIOIO

KiacudikaTopa, 10 BU3HAYAE, YA HAJICKUTh CUTHAJ J0 OPUTIHATY, YU € MiAPOOKOI0

(criyinr).
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Jlesiki pO3pOOHUKH MPOMOHYIOTh BHUKOPUCTOBYBAaTH CKJIAJHI apXITEKTYpHU
MIMOOKUX HEUPOHHUX MeEpeXk, IMOEJAHYIOUM 3TOPTKOBI Ta PEKYpEHTHI HEHpPOHHI
MepexKi, M1 ORI TOYHOTO PO3Mi3HABaHHS 3BYKOBHX CUTHANIB. Takuii miaxim, sK
3a3HaueHO, €(EeKTUBHUHN Mg iaeHTHdIKalli KopoTkux ¢pa3 [45]. B iHmomy
TOCIIKEHH], TpeCcTaBlIeHoMy B poboTi [51], po3rmsimaeTbes Meton Bepudikarii
KOPHUCTYBauiB y BHUIIQJIKaX, KOJHU € KOPOTKI ¢pasu adbo ¢onoBui mym. Ha erami
BUJIIJIEHHS! MOBHUX O3HAaK 3allPOTIOHOBAHO BUKOPHUCTOBYBATH MEPETBOPEHHS €HTPOIIIi
@yp'e K HOBY XapaKTEPUCTHKY JIs ONUCY O3HakK. [IpoTe aBTOpM HE OOrOBOPIOIOTH
MUTAHHS HAJMIPHOCTI JAaHUX, SIKE MOXKE€ BUHUKATU MIPHU [IbOMY METOII.

TexHooTisI CHHTE3Y TOJ0CY BUKOPUCTOBYETHCS HE TUTHKH B KIIOHYBaHHI TOJIOCY
JUISL CTBOPEHHS ayJioMiIpoOOK aje TaKOoXX 3HaWIIa CBOE 3aCTOCYBAHHS B TaKUX
chepax, K aBTOMATUUHHUM TyOJISDK ISl KIHO Ta Tele0aueHHs, a TaKOXK y CTBOPEHHI
TOJIOCOBHX 4YaT-00TiB 1 iHIIUX iH(popMaIiiftHuX cuctem [63].

[IpoGnema xkmoHyBaHHs rosiocy [54, 58] TicHO mToOB'A3aHa 3 AKTUBHHUM
BIIPOBA/PKCHHSIM HEUPOHHHUX MEPEXK, MOIMYJSIPHICTh SKUX 3HAYHO 3pOCiia B OCTaHHI
poku. JIo TOro *, cydacHi JOCHIIPKEHHS B c(epl IITYYHOrO 1HTEIEKTY BCE YacTIlle
0a3yroThCcd Ha MeToJax IJIMOOKOrO HaBYaHHSA, 30KpeMa Ha ajropurMmax, Iio
MOJEJIIOIOTh O10JIOT14UHI HEWPOHHI MEpPEkl Ta BKIIOYAIOTh (DYHKIIIIO HaBYaHHs [64,
65].

Bapro 3a3naunTH, 110 mepiin J0CHiKEHHS Y cdepl CTBOPEHHS CUHTE30BaHOTO
3By4aHHs OyJIM TICHO MOB's3aH1 3 KOHIENUIe "KoHkaTeHalii" MoBieHHs [63]. Lleit
METO]I TIOJIATAE B MO 3aITMCAHOTO 3BYKOBOTO CUTHAITY Ha HEBEJIMKI CETMEHTH, SIKi
3rofioM O00'€IHYIOTbCS B HOBI MOBHI KOHCTpyKwii. Ilpy 1boMy BpaxoBYHOThCA
XapaKTepHi pyUCH, BU3HAYCHI B €TaJJOHHOMY II1a0JI0H1 3allMCaHOTO 3pa3Ka 3BYKY.

Y nocmimxenHi [65] Oyno mpoaHami30BaHO BUKOPUCTAaHHS 3TOPTKOBOI
HEWPOHHOT MepexKi IITMOOKOT0 HaBYaHHS JJis Kiacudikaii ayaio3anucis. Lleit meton
703BOJISIE OOPOOIIATH BXIAHI JIaH1 Y BUTJIS/II CIEKTPOTPaM — Bi3yaJbHUX 300pakeHb
3ByKy. B po0oTi [65] 3a3Ha4eHO, 1110 Taka TEXHOJIOTiS MOYKE BUKOPHUCTOBYBATHCS IS
BUSBJICHHS PI3HOMaHITHUX XapaKTEPUCTUK ayA103aMuCiB, 30KpeMa s 11eHTUdIKaIli

JTUKTOpa, BU3HAYEHHS MOTO0 CTaTi, Kiacudikarlii My3U4HOTO KaHPYy BUCIIOBIIOBAHHSI,
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a TaKOX JUIs PO3Mi3HABaHHS PI3HUX MY3UYHUX 1HCTPYMEHTIB, IIO CYNPOBOKYIOThH
MOBHHM#H curHai. [60]

Cucremu Juisl KIIOHYBaHHS TOJIOCY MAlOTh CKJIQJHY apXiTEKTypy 1 BKIIOYAIOThH
TpU OKpeMi HEHpoHHI Mepexi [66-68], mo CcHuIbHO BUPINIYIOTH 3aBIaHHS
BiJITBOPEHHS TOJIOCY.

AHami3  craTedl  Mokasye, IO HEHUPOHHI Mepexi JAedali  IIUpIIe
BUKOPHCTOBYETHCS B TIOBCSKICHHI. | BUKOpHUCTAaHHS HEWPOHHUX MEPEX JUIS 3a1ad,
MOB’SI3aHMX 3 MOBHHMH CHUTHQJIAMH € JOCHTh IIHPOKUM 1 Hapas3l aKTHBHO

PO3BHUBACTHCA.

1.6 Tunu HelPOHHUX Mepesk 11 00po0JIeHHs aKyCTHYHOI iHopMaii

VY cydacHHX TEXHOJOriAX OOpOOKM aKyCTHYHOI 1H(pOpMallili HEHPOHHI Mepexi
BIJIIrPaOTh KJIFOYOBY POJIb, 3aBSKH CBOIM 3JaTHOCTI aJIallTyBAaTUCS 10 PI3HUX YMOB 1
BUPIIIYBaTH CKJaaHI 3aBmaHHs. Ll TexHomorii A03BOJSAIOTH  31HCHIOBATH
BUCOKOTOYHHMI aHalll3 MOBJICHHEBUX CHUTHAIIB, €(QEKTUBHE IIyMO3aryllICHHS,
pO3Mi3HaBaHHS MOBJICHHS, CHUHTE3 MOBJICHHS Ta HaBITh KJIOHYBaHHS TOJOCY.
Heliponni Mepexxi 3aTH1 BUSBIATH Clielr(PiuHl 0COOIMBOCTI aKyCTUYHHUX CUTHAMTIB 1
aJanTyBaTHCS JI0 X CKJIAJIHUX CTPYKTYD.

CyvacHi MoBHU TIporpamyBaHHs, Taki gk Python ta MATLAB, nangatoTh noTyxHi
IHCTPYMEHTH [JIl CTBOPEHHSI Ta BIPOBAKEHHA HeWpoHHUX Mepex. MATLAB,
Harnpukian, ocHamenuit Deep Learning Toolbox, mo 3abe3nedye Bci HEOOXiaHI
byHKIII1 17151 po3p0oOKHU Ta 3acTocyBaHHs Mojeneit. Python, y cBoto uepry, miarpumye
MIMPOKE KOJIO momnyssipHux 010ioTek, Takux sik Keras, TensorFlow ta PyTorch, siki
JI03BOJISIIOTH 3aCTOCOBYBATH, TTOKPAIIYBATH Ta PO3POOJISITH HEUPOHHI MEPEKI.

HeiiponHi mepexi sBISIIOTH CO00I0 OOYHMCIIOBAIbHI MOJIENI, B SIKMX BeEJIUKa
KUIBKICTh TPOCTHX €JIEMEHTIB (HEHPOHIB) MPAIOIOTh TapajiebHO, HE MArO4H
€IMHOTO TIEHTpasi3oBaHoro ympaBiiHHSA [69]. KoxeH HEHpoH BOJOJI€ BIACHUMU
BaroBUMH KoedillieHTaMu, 1 came depe3 peTebHUM Mia0ip MuX Koe(ilieHTIB MOXXHA

OTpUMAaTH TpaBWJIBHI pe3ylbTaTd BiA HeWpoHHOi Mepexi. lleit mpormec
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HaJallITyBaHHS BaroBUX MapaMeTpiB 3[1MCHIOETHCS MiJl YaCc HAaBYaAHHS MEpExXi, KOJIU
BOHA QJaNTYyeThCA 10 BXIAHMX JAHUX 1 KOPUTYE CBOI MapameTpu JUisl JAOCSITHEHHS
O6axxanux pe3ynpTaTiB [70]. OmHUM 13 MOMyISAPHUX 1HCTPYMEHTIB JJIsl CTBOPEHHS
HEWpOHHUX Mepexk € ¢peliMBopk Keras, skuil copolnye po3poOKy CKIaIHHUX

MOJIeJICH, 30KpeMa CHCTEM JUIS Po3Ii3HaBaHHs MoBJIeHHs [71].

1.6.1 PexkypeHTHI HeiipOHHI Mepexi

PexypentHi HeiiponHi Mmepexi (RNN) — 1e crmemiaiizoBaHi apXiTEKTypH
MITYYHUX HEUPOHHUX MEpex, po3poOiieHl st poOOTH 3 MOCHIIOBHUMH JIaHUMH,
TaKUMU SIK ayAlo, TEKCT a0o 1HII JaHi, [0 MalTh YaCOBY 3aJIe’KHICTh. ['0JIOBHOIO
ocobonuBicTio RNN € 3marHicTs 3anam'sToByBaTH iH(MOpMAaLil0 3 MONEPEIHIX
€JIEMEHTIB TMOCIIZIOBHOCTI 4Yepe3 BHUKOPUCTAHHA MPUXOBAHUX CTaHIB, IO
MepeIaloThCs Bl OJJHOTO KPOKY J0 HAacTymHoro. e 103BoJisie aHanizyBaTH MOTOYHI
€JIEMEHTH JIaHUX Y KOHTEKCTI BCI€T MOCIIIIOBHOCTI.

Cyuachi posmmpenns RNN, Taki sk LSTM (Long Short-Term Memory),
JO3BOJISIIOTH  JIOJIATW TMPOOJEMY 3HUKHEHHS TpajiieHTa, 3a0e3neuyrodd OOpoOKy
HaBITh JIOBTOTPUBAIMX 3aJIEKHOCTEH y nociigoBHOCTsX. e poouts RNN BaxkuBuM
ITHCTPYMEHTOM y c(pepi IITYYHOTO IHTENEKTY

LSTM wmepexi mupoko BUKOPUCTOBYIOTHCS MJI1 OOPOOKH MOCIHIIOBHUX JaHUX,
TakuX K ayaiocurHanu. OCHOBHUM €JIEMEHTOM apXITeKTYpH € PEKYPEHTHI HEHPOHHI
Mepexi, sIKI TO3BOJISIOTh 30€epiraTu JOBrOTpHUBAII 3aJI€KHOCTI B HACOBUX PALAX, 110 €
BYXJIMBUM JIs aHAJTI3Y TOJIOCY Ta PO3Ii3HABAHHS MOBHU.

Mopenb BukopuctoBye LSTM mapu gis 00podku nocninoBuocteit MFCC. ¥V
npyrii monoBuHi 90-x pokiB XX cromitrs Cennm XoxpalTep pa3oM 13 KOJeramu
PO3pOOMIIN BIOCKOHAJICHI BapiaHTH MITYYHUX HEUPOHIB, siKi oTpuManu Ha3By LSTM
(Long Short-Term Memory). LSTM-mepexi cranu HaHNOMIMPEHIMOKW (GOpMOI0
PEKypEeHTHUX HEHPOHHUX Mepek. OCHOBHUMH €JIEMEHTaMH TaKUX MEPEkK € KOMIPKH
nam'saTi Ta "BeHTW1", 30KpemMa, BEHTUIIb BXOTy Ta BEHTHIb 3a0yTTsa. Konu 111 BeHTHIII

3aUMHEHI, BMICT OJIOKY (HEWpOHa) 3aJMILAETHCA HE3MIHHUM IMpPU TEPEXO/l MIX
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YaCOBUMH KpOKaMHU. 3aBSKM BEHTWISALIMHUM MEXaHI3MaM MOJeNlb MOXxe 30epiratu
iH(opMaIlito B KOMIPII MaM'siTl MPOTATOM BEJIMKOI KiJBKOCTI YaCOBUX 1HTEPBAIIB.
Moneni Ha ocnoBi LSTM 3natHi 30epiratu iH(opmalliro mpoTsAroM MEeBHOIO 4acy i
BUKOPUCTOBYBaTH 1ii JJisi MPOTHO3yBaHHS ManOyTHix mnoxAiii. LSTM mapu
00pOoOJISAIOTh TOCITIMOBHI JaHi, 30epiralodyd KOHTEKCT TMOMEpPeIHIX KPOKIB dYepes
IIPUXOBaHI CTaHM, BUSBIISAIOTH YACOBI1 3aJICKHOCTI B JaHUX Ta (JOPMYIOTh IMPUXOBaHI
NPENCTaBICHHS Ui KOXXHOTO  KpOKy B  mociaioBHOCTI. LSTM-mepexi
BUKOPHUCTOBYIOTh BJIACHY BHYTPILIHIO NaM'sITh JJii 0OpOOKU MOCIHiJOBHOCTEH Pi3HOT
JOBXXHUHHU, JTO SIKUX MOKHA 3apaxyBaTH ayJ110CUTHAIIH.

BuxigHi  3HayeHHs  pPEKYpEHTHHUX  HEUPOHHUX  Mepex  0OpoOJIAIOTh
MOBHO3B’SI3HI IIapH, II€ iX HA3MBAIOTh IMOB’sI3aHI, IJIS1 OCTATOYHOTO y3arajibHEHHS.
BoHu BHKOHYIOTH TpaHc@opMallii Il OTpUMaHHS MPOTHO31B abo kiacuikailii Ta
3a0€3MeuyloTh [EPEeTBOPEHHS 0araTOBUMIPHUX JIaHUX Yy BHXIOHI (dopmaTu
(Hanpukiaa, HMOBIPHOCTI, KJIACH).

JIyist moaBaHHsT HEMIHIMHOCTI JIO 1IapiB HEHPOHHOI Mepeki, 0OMEKEHHS 3HaYEHb
MPUXOBAHUX CTaHIB, cTaOUTI3alil TpagleHTIB 1 3a0e3MedYeHHs MOXKJIMBOCTI
MO/JIETIOBaHHS! KOPOTKOTPUBAJIUX 1 JOBTOTPUBAIMX 3aJICKHOCTEH BUKOPUCTOBYIOTHCS
¢yHKuUii akTHBaLli. BoHU rpatoTh KPUTUUYHY POJIb Y TOMY, 1100 MOJENb 3aJIMIIAIacs
CTaOUIBHOIO 1 TOYHO Mepe/laBajia KOHTEKCT y yacl. OZHUMHU 3 MOXKJIMBUX (YHKLIN
axtusailii € ReLU, Leaky ReLU Ta Softmax.

@ynkiis ReLU 00paxoByeTbCs HACTYITHUM YHHOM [72]:

f(x) = max(0, x) (1.2)
®ynkiis Leaky ReLU Bu3HauaeThCss HACTYITHUM YHHOM [72]:
_ (x,gakmox =0
fG) = {ax,HKH_IO x <0 (1.3)

7€ 0 — HEBEJMKUN KOe(IIieHT (BUKOpUCTOBYEThCS (.2), KMl BU3HAYAE HAXWII
TS BiJ'€EMHUX 3HAYCHb.
®yukiis Softmax 00paxoByeThCsI HACTYITHUM YHHOM [72]:
e’

pp= — 1.4
] 1121:1 eZk ( )
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ne P; ue MMOBIpHICTb, IO 3pa30K HANEKUTh KIacy j, Zj 1€ HE HOPMOBaHE

nepeadadeHHss Mojae i kiaacy j, N 1e 3arajgpHa KUIBKICTh KIIaciB, € 1€ OCHOBa

HaTypaJIbHOTO Jorapudma 2.718.

1.6.2 3ropTKoBi HelipOHHI Mepexi

3roptkoBi HeliponHi mepexi (CNN) — 1me crherianaizoBaHWid THI TIUOOKUX
HEHPOHHUX MEPEX, NMPHU3HAYEHUN i1 OOpOOKM MPOCTOPOBUX JAHMX, TaKUX SIK
300paxkeHHsl, ayaiocurHaiau Ta iHmi. [omoBHa ocobmuBicte CNN mossirae 'y
3IaTHOCTI aBTOMATUYHO BUTATYBaTH O3HAKU 3 BXIJHUX JlaHUX. BukopucrtoByrouu
oreparlito 3ropTKU, Mepeka aHalli3ye HEBEJIMKI YaCTUHU BXIAHUX JaHUX (TaK 3BaHi
(G1IBTpH), IO JO3BOJISIE BUABIISITH BaXKJIMBI JI€Tajll, HAIIPUKIIAJ, KOHTYpU, TEKCTYypHU
abo natepHu. BoHM e(eKTHBHO IpalIOIOTh 3aBIASKU CBOIN 3JaTHOCTI 3MEHIIYBaTH
PO3MIPHICTh BXIAHUX JAHUX 3aBJASIKM OIepalli 3rOpTKH, 30epiralouu iXHIO CYTTEBY
1H(MOopMaIIito JIs BUAUICHHS O3HAK PI3HOI CKIIATHOCTI.

3ropTkoBa omepalis € LEHTPAJIbHOK CKJIAJO0BOI 3FOPTKOBUX HEMPOHHUX
Mepex. DopmabHO, 3rOpTKa B KOHTEKCTI 00POOKH 300paKeHb MOJIATaE y “KOB3aHH1”
binpTpa (sSapa 3ropTKU) HAJ BXIAHUM 300paKEHHSIM Ta OOYMCICHHI CKaISPHHUX
TOOYTKIB MIXK (PUIBTPOM Ta JIOKaJbHUM MiiPpparMeHTOM 300paskeHHs. KoxeH (puibTp
HABYAETHCS BUJIyYaTH TEBHUW THUIl O3HAK, HAMpPHKIA[, KOHTYpH, TEKCTYpH YU
ckiamHinm mnarepHu.  [licas 3ropTKM 3acTOCOBYIOTHCS HEJIHIMHI aKTHBAIlIHHI
dbynkiii, Hahuactime RelLU, ska mo3Bosisie Mojeni Kpalle BUpa)xaTd CKIIAJHI

3aJIEKHOCTI.

1.6.3 AaropuTm 3BOPOTHOr0 NOIIMPEHHS MOMUWJIKH

CyyacHi HEMpOHHI MeEpexi 3MIHIOIOTh CBOi Bard IIiJI Yac HaBYaHHS 3a
JIOTIOMOTOI0  aJITOPUTMY 3BOPOTHOTO TomMpeHHs mnomwmiku. Lleir wmetonm Oys
po3pobieHuit Pymensxaptom, XintoHoMm 1 Binbsimcom y 1986 porti, cemianbHO 1is

HaBYaHHsS OaraTormapoBux Mepex [73]. YsaBiMo, 1o Mu MaemMo Mepexy 3 M mapamu
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Ta HaByasbHy BHOIpKY E = {Xi,..., XN}, @ TakoX HaOip NMpaBUIBHHUX BiAMOBiaeH
MEpexl1 Vq,..., YN. LYT Y; IPEICTABIISIE BEKTOP 3HAYEHB, K1 MalOTh OyTH OTpUMaHi Ha

BUXO/Il OCTAHHBOTO 1Ay MEPEXKi, KOJIM Ha BX1J MEPUIOTO APy MOJIAE€THCA BEKTOP X;

( pucynok 1.5).
n-1 n
]. e ,.f"'-:_ 1
Iph
A
~_| j-i HeilpoH
™ Vo wi™ * s o~
e s 1oy e
| -y o R N
P o™
_ Tt
'/-:.L'—l — "
[x
mpTNL m
Pucynok 1.5 — Bararomapoa HelipoHHa Mepexa [ 73]
Hexaii mix | - M HelipoHoM mapy N — 1 i j -M HEHpPOHOM MmIapy N iCHYIOTb

. . n .
BUIIAJKOBI1 3B'SI3KH, TO3HAYECHI SIK W-(- ), x("), ne xM™ 1€ BEKTOP BUX1JHHUX 3HAYCHb
9 l]

JUISL N-TO 1apy, 1 n BapitoeTbes Bix 1 1o M (e xM™M_ e BEKTOP BUXOJ1y OCTaHHBOI'O
mapy, ToOTO Bci€i Mepeski). 3aBJaHHSI HaBUYaHHs 0araTtomiapoBoi Mepexki MOJIArae B

(n)

TOMy, 100 3HaiiTu Habip Barosux Matpuips WM = Wy~ AN KOXKHOTO 1 B2 o M,

TaKUM YUHOM, 1100 CepelHbOKBAApaTHUYHA TMOMUIKA Kiacudikamii  Oyna
MiHIMalbHO. TOOTO, MOTPIOHO MiHIMI3yBaTH (PYHKIIIFO MOMUIKH [73]:

FOW2 W) = 3 00—y = 3" % ™ = y)? » min.

X€EE X€EE j

MiniMmizamist 1poro (GYHKI[IOHATY TOMUJIKM 3A1MCHIOETHCS 32 JOIOMOTOKO
METOJy TPaIi€HTHOTO CITyCKY, IUIIXOM IOCTYIIOBOTO KOPWUTYBaHHS Bar KO>XHOTO
mrapy. B J-My HeWpoHi N-T0 IIapy MepeTBOPEHHS BXIJHOIO CUTHATY BiOyBaeThCs 3a

bopmyioro [73]:
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j(n) <,0( ()), ne xj( ) = <p( ()), a @ € BHOpPaHOIO AaKTUBAIIIHOIO

m

dynkuiero. Ha n-my mapi 3mima Barm Ww;;~ BHKOHYEThCA Ha BEJMYHHY:
M) 5.
) _ oF  OF dx; = 0s ),
aw) = ha = ha oF (”)a L= —hs; (1.5)
Wi j S W
) _ oF dx}” (n)
67 = - (n) — (n) Bennunna 5 BUpaKa€ MOMWIKY Ha N-My Imapi B j-My

HEHPOHI 1 BU3HAYAE BEJIMUMUHY TTOMUJIKH JIJIs1 KOPEKIIIi Bar.

Po3rnsiHeMO, SIK 3MIHIOETHCSI BEIMYMHA TTOMUJIKH 6].(”) npu mepexoxdi 3 N-ro
nrapy Ha (N+1)-mii mrap. Bupa3 HHH5]-(n) Oyne HactymauM [73]:

o _ 9F dx OF dx’((n+1) aS;En-I_l) axj(n)
J dx (n) ds(n) axl(cn+1) dS,En +1) axj(n+1) asj(n)

n)

6(n+1) 1) | 9%
Jk 0 n)’

Sj

k
(n+1)
. aSk (n+1) O . ‘o
OCKUIbKH ax(n+1) ij . UTXKEC, 0TpHMy€MO lTepaHIHHy (bOpMy.Hy JJIA p03anYHKy
J

koedpinientis & :

(n)

s ={ ) sV wity 0% n=M-1,M=2,..1 (1.6)

j - ]k a (n) ) - ) ) wenyds .
k 5j

Ha octannbomy miapi hopMyiia Burisiaae tak [73]:

ax.(M)

o) _ (0 _ j
5" = (2 - ;) " (1.7)

J

(n)
. ax; P cu e
3a3HauynMoO, [0 MOXIIHI én) =@ ( (n)) — II€ NOOXIJH1 BlJ AaKTHUBAIIMHOIL

bynkiii ¢. [Iponec oOuucaeHHs 3Ha4YeHb 6].(”) 3a hopmynamu (1.6) 1 (1.7) MoxHa

PO3IIIAIaTH SIK 3BOPOTHE MOUIUPEHHS TOMUWIIKH, K€ MPOXOAUTH BIJl BUX1THOTO LIAPY

1o BxigHoro [73].
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AJTOpUTM HaBYaHHS HEWPOHHOI MeEpeXi METOJIOM 3BOPOTHOIO MOLIMPEHHS

TIOMUJIKM BUKOHYEThCSI 32 TAKUMU eTanamu [73]:

1.
2.

[Hiniami3yoThCs MOYATKOBI 3HAYEHHS BaroBUX MaTpuis: W2, ..., WM,

Ha Bxixm mepmioro mapy Mepexi NOJaeThCid HaBYaIbHHM BekTop X. B

) . . n
3BHUAHOMY pexuMi poOOTH OOYHUCIIOIOTHCS BCl  3HAYEHHS Sj( ) =

Sow Pw ren=1,..,M,j=1,.,N.
3a ¢popmyoro (1.6) (a6o (1.7) mist BUXIAHOTO 1MIapy) 0OUUCITIOIOTHCS 3HAUYEHHS

TOMIJIOK 5]-(n).

Baru Ha mOTOYHOMY IIapi KOPUTYIOTHCS BiIMOBIIHO 10 hopmymu (1.5).
AHaIOTIYHO, BUKOHABIITY 3BOPOTHE TONIMPEHHS MIOMIIIKH 3a (opmyroro (1.6),
IPOBOJAUTHCS KOPEKIiS Bar Ha 1HIIMX IIapax.

IlepeBipsieTbcss yMOBa 3YIMHKHM, sIKa TMOJsrae B cTaOuUm3alli KpUTEPIO
minimizanii F (to6t0 FX¥*'= FK). gxmo F crabinizyBaBcs, anroputm

3aBCPIIYETHCA, IHaKIIE — IIOBCPTAEMOCH OO0 ITYHKTY 2.

KoHuemniisi OHOBIEHHSI BariB B 3BOPOTHOMY HANpPSIMKYy Ha JT@HUA MOMEHT €

OCHOBHMM JUIsl HAaBYaHHA HEHUPOHHUX Mepexk. Bci  cywacHi  airoputMmu

BUKOPHCTOBYIOTH IIEH IMIX1]l 3 BAKOPUCTAHHAM PI3HUX ONTHUMI3aIii I 3MEHIIICHHSI

MOXHOKH, OJIMH 3 HAaHPO3MOBCIOKEHIIINX AJITOPUTMIB ONTHMI3alli € MeTol Anama

(MeTo1 CTOXacTUYHOT onTUMizallii) [74].
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2 OIJISII BAT'AJIBHUX 3ACAJI CTBOPEHHSI AJIAIITUBHUX CUCTEM
OBPOBJIEHHSI AKYCTUYHOI ITHOOPMAIIIL

CuctemMu oOpoOJieHHs aKyCTHMYHOI 1H(opMallii BUKOPHUCTOBYIOTHCS B PI3HHX
ramy3sx TexHikd. Cepel MOXIMBUX HaINpsIMKIB € Takl Tany3l, SIK CTUCHEHHS
akycTu4yHoi 1HQopmalii, My3uyHa oO0poOka Ta iHII. 30Kpema, HalOUIbITY
3aIliKaBJCHICTh BHUKJIMKAIOTh, CHUCTEMM ifeHTH(]IKamii 0coOu 3a T0JIOCOBUMH
O010OMETPUYHUMHU JaHWMH, PO3MI3HABAHHS MOBHU, MIABHUILEHHS pPO30IpIMBOCTI Ta

KIIOHYBAHHA T'OJIOCY.

2.1 Teopern4Hi migxoau no0yx0BM cucTeM ineHTHdikauii 32 rosocom

Cucremu 11eHTU(IKALIT 32 TOJIOCOM OCTAaHHIM YacoM HaOyBarOTh BCE OLIBIIOL
HOIYJIAPHOCTI, OCKIIbKU cepa iX 3aCTOCYBaHHS BU3HAYAETHCS HE JIMIIE OKPEMUMU
obnacTsiMu TOOYTOBOI JISTTLHOCTI JIIOJIeH (I0AaTKU Ta MPUIad B MeXaxX TEXHOJOTIi
“Po3ymHuil OyAuHOK), aje W MOCTYNoOBO 3ayeruioe cdepu (yHKIIOHYBaHHS
JIEp’)KaBHUX OPraHiB KpaiHu, SKi MOB’s3aHl HAacamImepe]l 3 HaJlaroJKEHHSM CHCTEM
MPOMYCKY B TMPUMILIEHHS JEpKaBHUX YCTaHOB, OaHKiB, o@iciB. OkpeMum
MOXJIUBUBUM 3aCTOCYBaHHSIM CHCTEMH I1J€HTU(IKalli 32 TOJI0COM MOXYThb OYyTH
INYHKTH KOHTPOJIIO 3a MEpPEeMILICHHSIMH JII0JIed Ha BOK3alax, aepornoprax Ta B
MyHKTax MepeTUHY MUTHUX KOpAOHIB. OIHUM 3 MIAXOIB peasnizallii TAKUX CUCTEM €
BUKOPUCTAHHS 1HTEJIEKTYaJIbHUX MIJIXOIB, Ha OCHOBI BIPOBA/KEHHS MOXJIHUBOCTEH
HEUPOHHUX MEPEXK.

Po3mizHaBaHHs 0COOM 3a TOJOCOM peali3yeTbesl 4depe3 Mpolec ajaanTtaiii
cucteMu ieHTrudikailii, To6To Ha 0CHOBI (popmMyBaHHs 6a3u TaHUX OCIO 1 JJIST IIBOTO
Mae OyTH MiJIrOTOBJIEHA BUOIpKa /JI1 HABYAHHS HEMPOHHOI Mepexi. Y boMy MiAXO0Al
KJIFOUOBUM €TaroM € TomnepenHs oOpoOka aymaioCUTHANIB, SKI MEPETBOPIOIOTHCS B
MEL-kenctpanpHi Koe(IieHTH — YHCIIOBI MPEACTaBICHHS 3BYKOBUX naHux. Lli

KOe(ILIEHTH € KOMIIAKTHUMU W 1H(QOpPMATUBHUMM O3HAKaMHU, WO J03BOJISIOTH
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cucteMi e(pEeKTHMBHO aHaNMI3yBaTHU TOJIOCOBI XapaKTEPUCTUKH JJIE TOYHOTO

11eHTH(QiKyBaHHS KOpUCTYyBaya.

2.1.1 MEL-kencrpanbHi koedinieHTn

MEL-kenctpanshi koedinientu (MFCC) e Habip koedilli€HTiB, 10 MIHUPOKO
BUKOPUCTOBYIOTBCSL NIl MPEACTABICHHS 3BYKOBUX CUTHaJIIB B  3ajadax
pO3Mi3HaBaHHS MOBH, KiacHdikaiii My3UKH Ta 1HIIUX aKyCTHMYHUX aHamizax. Lleit
METOJ| IOJIATAaE B TOMY, 1100 MEPETBOPUTH CKJIaJHUN 3BYKOBHM CHrHaj Ha HaOip
XapaKTEPUCTHK, $IKI MOXYTb OyTH Jerko oOpoOJieHI aJropuTMaMU MAIIMHHOIO
HaBuyaHHA. MFCC 7103BOJIIIOTE CTUCHYTHM BaXJMBY 1H(OpMAII0O MpO 3BYK,
30epirarou TpH I[bOMY KIIOYOBI aKyCTHYHI OCOOJMBOCTI, IO BaKJIMUBI IS
pO3Mi3HaBaHHS.

OcHouuii npuHmn podotn MFCC nonsirae B ToMy, 1100 aHaii3yBaTH 3BYK 3
ypaxyBaHHSIM TOIO, SIK JIIOJCbKE BYXO CIpuilmMae pi3Hi uyacToTu. JlroguHa Mmae
HEJHINHY 3/JaTHICTh JO COPUNUHATTS 4YaCTOT, MU OUIbII YyTJIMBI 10 HU3bKUX YacTOT 1
MEHII 70 BHUCOKUX. KpIM IbOro, € 3aJeKHICTh CIYXOBOTO CHPHHHSTTS 10 3MiH
4acToT B OKpemux naiana3zoHax. Lli 3akoHoMipHOCTI B 1964 BimoOpa3uB y CBOIiil
HaykoBii npaui Mensin [xoHcoH [1]. Takox BiH 3alponOHyBaB BUKOPUCTOBYBATH
MEL-mkany 4actoT, sika IMITye COPUMHSITTS JIOJACHKOTO CiyXy. Men-mkana 1e
creniajgbHa 1IKaja, ka BigoOpaxae Te, siK JI0JMHA CIPUNMaE PI3HULII0 MIXK 3ByKaMu
pi3HHX YacToT. YacToTu B HIKHBbOMY Aiana3oHi (1o 1000 ') po3pi3HsatoThCs OUTbIIT
TOYHO, TOMY MeJI-IIIKajla PO3TalloOBYy€E iX OJMK4Ye OJHA J0 OJHOi. HaTtomicTh st
Bucokux dvactoT (monan 1000 I') mroacbke ByXO MEHIN YYTJMBE, 1 MeJ-IIKaja
pPOOUTH X OUIBII PO3PIHKEHUMHU.

Bapto 3a3nauutu, mo mponeaypi orpumandHs MFCC nepenye nepemnoOpoOka
ayniocurHany. ToOTo, MpOBOAUTHCS MPOLIEypa TaK 3BaHOTO “TIOTY Ha pperimu”, a
TOYHIIIE MOAUTY HETIEPEPBHOIO ay/10 MOTOKY Ha MaJeHbKI 4acoBI CErMeHTH Mo 15-
30 Mc. 3a TakuX YMOB IIpU NOJATBIIOMY aHaji31, KOJU KOe(]IiEHTH po3paxOBYIOThCS

JUTSI KOSKHOTO Takoro (GpeiiMy, MO>KHA BpaxyBaTH JIOKAIBHICTH 1 3MIHM B CUTHAJI 3a
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yoM (MepexoAau MiX PI3HUMH 3BYKaMH, aMIUTITyAH1 Bapiaiii, Tomio). Ilpu 1mpomy
PEKOMEHIYETHCS TIOIT 3 MEPEKPUTTSIM IIMX CETMEHTIB, 00 BpaxyBaTH KOPEIAIIit0
MDK CyCimHIMH cermeHTamu. [lami, B MekaxX MOmepemaHboi 0OpOOKH, SK MPaBHUIIO
3aCTOCOBYETHCSI TiepeTBOpeHHsT Dyp’e 3a dopmyinoro (1.1) 3 po3kIagoM CUTHATY Ha
Ha0lp CHHYCOINaJbHUX KOMIOHEHT PI3HMX 4YacTOT Ta MpoleAypa jJorapudmyBaHHs
710 aMILTITYAH KOKHOT KOMITIOHEHTH [1].

[lepexin Big YacTOTHOTO CIEKTPY JO MeJ-IIKAIA sSKa BPaxoBYE OCOOIMBOCTI
CIIyXOBOTO CHPUUHATTS JIOJAMHOIO, BUKOHYETHCA 4Yepe3 CHeliaibHe MEPETBOPEHHS,

7Ie 3BMUaiiHi repiiy MepeTBOPIOIOTHCS Ha MEJIH 3a JOTTOMOTroro dhopmyiu [75]:
Mel(f) = 2595 logyo(1 + ).

s ¢opmyna mnokaszye, IO 4YacTOTHA IIKajga TICIAS TMEPETBOPEHHS CTa€
HEJIIHIMHOIO, 10 JI0NOMAarae Kpaule MOJENIOBATH Halle CHPUUHATTA 3BYKIB. Sk
pe3yibTaT, HU3bK1 YacTOTH, Ha SIKI MU 3BEpTAaEMO OUIbIIE yBarv, po3MnoAUISIOTHCS 3
OUBIIOI0 TOYHICTIO, @ BHCOKI YacTOTH, IIO CHPUHAMAIOTBCS MEHII YYTJIHBO,
3rpymnoBaHi B MUpIIi aiana3oHu. Lle nepeTBopeHHs 103BOJIsIE OUIBIIT TOYHO 3aXOMUTH
BJIACTUBOCTI 3BYKOBOTO CHTHAly, HAOMKAlOYM HOTO aHaji3 JI0 O0COOJHMBOCTEH
JIOAICHKOTO CITyXY.

Kenctp o0paxoByeThcsi yepe3 JnorapudMIiuHANA CHEKTP TOTYXHOCTI, a
obpaxyBanas MFCC Ha 1ipomy etari BifiOyBaeThcs 1HAKITUM YHOM. {7151 oOpaxyHKy
MFCC BinOyBaeThCsl HaKJIaJaHHsI OaHKY (UIBTPIB MEN Ha CHEKTPAJIbHY MOTYKHICTb
[75] M tpukytaux ¢inetpie H,,(k), piBHOMIPHO pO3TAIIOBAHUX HA MEJ-IIKAI.
KosxeH (ibTp nepekpuBa€eThCS 3 CYCIIHIMM, OXOIUTIOIOYM MEBHUM J1ana3oH 4acToOT
pucynky 2.1. Takuil miaxig 3aCTOCyBaHHsI (PUIBTPIB 3aNpPOBAKYETHCS, 00 TOYHO
BpaxyBaTH OCOOJIUBOCTI CIPUUHATTS CIIyXy JtoauHoI0. L1 hinbTpu “imMITyIOTE” TE, SIK

JIIOJICBKE BYXO CIIPUMMAE 3BYKHU.
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AMILIITYZA
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Pucynok 2.1 — bank ¢inerpis [75]

3actocyBaHHA MeN-(QUIBTPIB JO CHEKTPAIbHOI TOTYXHOCTI BiAOYBa€ThCS

HACTYITHUM YHHOM [75]:

N
S, = Z PUOH, (k), m=1,2..,M
k=1

Ha upomy erami mu orpumMyemMo Men-KoeillieHTH S,,, 110 BiAOOpakaroTh
XapaKTEPUCTHKU 3BYKOBOI'O CUTHAIY Ha MeJs-Iukail yacTtoT. Jlami tpeba oOpaxyBaru
norapudM Men-KoedilieHTiB AJI CTUCKY JMHAMIYHOTO J1alla30Hy Ta MEePETBOPECHHS
MYJIbTUILTIKATUBHUX €(PEKTIB B aIUTUBHI

log S, m=12,..,.M
1 TICAs UbOro KPOKYy MaeMo JorapudMoBaHI MeN-KOe(]illieHTH, TOTOBI 10
MEePETBOPEHHSI B MeJT KENCTpaibH1 KoedilieHTH. J[J1g IbOT0 3aCTOCOBYEMO JUCKPETHE

KOCHHYCHE TIEPETBOPEHHS 0 JIOrapru(PMOBaAHUX MEI-KOE]IIIEHTIB.

m — 0.5)

" n(
MFCC, = log S, - cos M , n=12,..,L

m=1
ne L — KiIbKicTh Koe(iIieHTiB.

OtpumaHi MeJ-KencTpajabHl KOE(IUIEHTH (POPMYIOTH MEN-KEINCTp, MPHUKIal

MEJ-KEICTPY HaBEICHUI Ha PUCYHKY 2.2.
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MFCC

Pucynok 2.2 — Men-kencTpaibHi Koe(illieHTH TpeCTaBIeHI y BUTIsA1I O1TOBOT
KapTH [75]

2.1.2 Peryasipuzauis

ITpu moOymoBi cucteM imeHTUdIKAIlT 3a TOJIOCOM, CHCTEM IOKpaIIeHHS SKOCTI
pO301pJIMBOCTI MOBH a00 KJIOHYBaHHS r0JIOCY 3 BUKOPUCTAHHAM HEHUPOHHUX MEPEX
4acTO TPAIUISIOTHCSA NEpPEHAaBYaHHS CUCTEMH IIiJ] 4ac BIANOBIJTHO HAaBYaHHS 1 1€ €
MPUYHMHOIO TIPIIKUX PE3YJIbTATIB pOOOTH CUCTEMH HA HOBUX JJAaHUX, & CaM€ JAHMX SIKI
HEHpOHHA Mepexa He Oaumia mi yac HaByaHHsS. /[ 3amoOiraHHs nepeHaBYaHHs
BUKOPHUCTOBY€ETHCS PETyJIsipU3allis.

Perynsapuszaiiiss — 1e TexHika, Ika BUKOPUCTOBYETHCS B MAIIMHHOMY HAaBYaHHI
JUTsL 3armo0iraHHs TepeHaB4YaHHIO Mojeni. [lepeHaBuaHHsS BUHUKAE, KOJIW MOJENb
3aHaATO AOOpe MiJIAITOBYEThCS 1]l TPEHYBAJIbHI JlaHi, 3amam'sTOBYe iX JeTali Ta
IIyM, aje MOraHO Yy3arajbHIO€ IH(QOpMalilo Ha HOBUX AaHUX. OJHUMHU 3 TEXHIK
perynspusaitii € L2 perynspusariist ta apomnayt [72].

L2 perynspusamis (Takoxxk Bigoma sik Ridge-perymsipusanisi) — e TexXHIKa
perymispusaitii, sika qoaae mrpad g0 GyHKIT BTpaT y HEHPOHHIN Mepexi abo 1HIIHI
MOJIEIi MAIIMHHOTO HaBYaHHS, MO0 KOHTPOJIOBATH BEIMYMHHM Bar Mojeni. L2
perynspu3sauis aogae mrpad 1o GyHKIIT BTpaT, AKU TPONOPLIHHUN cCyMi KBaJpaTiB
Bar ycix mapametpiB mojedni. lle o3Hagae, M0 MoIeTh HaMaraeTbCsa MiHIMI3yBaTH HE
TIJIbKU MIOMUJIKY TIepei0adeHHs, aje i Baru HelpoHiB. OCKUIbKH Baru MoJeni OyayTh
MEHIITUMHU, MOJIeNIb OyJie MEHII CXWJIBHOIO 70 nepeHaBuaHHsA. OO0paxyHOK (yHKITI

BTpar 3 L2 perynspusaiiiero Bii0yBaeThCsl HACTYITHUM YuHOM[ 72]:
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n
L = Loss Function + /lz w}
i=1
ne:
L — 3aranpHa QyHKIIiS BTpaT.
Loss Function — crangapTHa QyHKIIiS BTpAT MOJIEII.
A — TrineprnapaMeTp peryisipusailii, sKuii KOHTPOJIOE 1HTEHCUBHICTh MITpady 3a
BEJIMKI1 Bary.
W; — Baru Mojieii.

Jlpormayr (Dropout) — 1me momyispHa TEXHIKAa peryiaspusaiii, ska
BUKOPHUCTOBYETHCS IS 3ar00iraHHS MEepEeHABYAHHIO B HEMPOHHUX Mepekax. BonHa
Oyrna 3amporoHOBaHa ISl TOTrO, MO0 3pOOUTH MOJENb OUIBII y3araJbHIOIOUOIO 1
CTIMKOIO J10 IIyMy VY TpPEeHYBaJbHUX JaHuX. Dropout BHITaJIKOBO BHUMHUKAE
(1eakTUBY€) 4YaCTHMHY HEUPOHIB IIiJI YaC HAaBYaHHSA MOJIEN, 3MYIIYIOUH MOJCIHb

HaBYATHCS OUTBIN y3araJbHCHUX O3HaK [72].

2.1.3 CTpykTypa cucrem ifenTudikaiii 3a rosiocom

CrpykTypa cuctemMH iAeHTU]IKALIl 3a TOJOCOM CKJIQJa€TbCsd 3 MPOLEAyp
3amucy Tojocy, Woro BiaTBOpeHHs, 00paxyHKy MFCC Ha OCHOBI 3aBaHTaE€HOTO
rojiocy, OOpOOKOI MOCIIJOBHOCTI MEI-KENCTPAIbHUX KOEQILIEHTIB HEUPOHHOIO
MEpEeXero, ska Mo0y/JoBaHa Ha OCHOBI 3rajlaHUX paHillle PEeKypEeHTHUX IIapiB Ta
MOBHO3B'sI3HUX 11apiB (quB.1m.1.6.1).

Ha pucynky 2.3 300pakeHa cropolleHa CTPyKTypa CUCTEMH 1aeHTu(IKamii 3a

T'OJIOCOM.

3aBaHTaXeHHs OBpaxyHok MFCC HeipoHHa

—» PesynbTat poboTn
cemnny mMepexa

Pucynok 2.3 — CTpykTypa cuctemu 11eHTH]IKalli 32 roJI0coM
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Heliponna Mepexka peKypeHTHOro THUINYy Uil  PO3POOJIEHOI  CHUCTEMHU
imeHTudikarii 3a TOJOCOM CKIauaeThcss 3 4 BHYTpimHIX mapiB 3 LSTM Tta 4
MOBHO3B'SI3HUX I1apiB. Bchoro Moaenb MICTUTh 8 MPUXOBAHMUX MIAPIB KUTBKICTD SIKUX
MO’Ha 3MIHIOBAaTH B €KCIIEPUMEHTI, 110 HaBeACHO Oyje aaii B poboti. PexypeHTHi
[Iapyu BUKOPHUCTOBYIOTHCS N1 OOpOOKHM TOCTIOBHUX MOBHHUX JIaHUX, JI€ BaKJIUBO
BpPaxOBYBaTH 3aJIGKHOCTI MIDK €J€MEHTaMHu MOciiIoBHOCTI. [I0BHO3B'sI3HI 1apu
BUKOPUCTOBYIOTHCS JIJIsl y3arajJbHEHHS O3HAK MICJSA iX 0OpOoOKM B IHIIMX IIapax Ta
Kjacudikaiii rojocy 10 NeBHOI 0COOU 3a TOJIOCOBUMH XapaKTEPUCTUKAMHU.

Cucremy miepesi BUKOPUCTaHHSM CJiJi HAaBYUTH 1ICHTH(IKYBAaTH MOBIIB 32
rojocoM. Jlns imeHtudikamii ocodn cucrema MNonepeaHbo Mae OyTH HaBYEHA HA
MEPCOHANI30BAaHUX ceMIUIaX. J[Js 1pOro, CeMIIM 3 TOJI0COM MOBIIIB TPYIYIOTHCS TIO
rpynaM (kiacudikaiiis 3a MITKaMHu) JIeé KO>KHA Tpyma BiAMOBiJAa€ MOBIIO 1 cUCTeMa
M1 Yac HaBYaHHS BYMUThCA 1AeHTU(IKyBaTH MOBLIB. [lpum mnomepenHiii 00poOii
ceMmrutiB  oOpaxoByioTbcsi MFCC. MFCC 103BOJISIOTh BHAUIMTH HaWBaKJIMBIIII
AKyCTUYHI XapaKTePUCTUKU CUTHATY, SKI BIJIOOpaKalOTh WOro CHEKTpalibHI
BJIACTUBOCTI, IEPETBOPEH1 Y KOMITAKTHY 1 3p03yMuTy (GOpMY I MOJIETII.

Takox HaBe[eHA CTPYKTypa MIAXOIUTH IS 3a/a4 PO3IMi3HABAHHS MOBH TiIbKH
IIpYM HaBYaHHI CJiJ TrpyNyBaTH HaBYaJbHI JJaHI HE 3a MPUHAJEKHICTIO 3aIUCAHOrO

CEMIIY 10 MOBII, a 3a 3allMCaAaHUMU CJIOBAMHU B CEeMILII.

2.2 TeoperuyHi miaxoau mnoOyAOBH CHCTEM IiJIBUIIECHHS PO30ipauBOCTI

MOBH

Ha po36ipiuBicTh MOBJICHHS BIUIMBAIOTh 0Aarato pi3HUX YHHHHUKIB, 1 OJUH 3 HUX
MO€ BUHUKHYTH, KOJIM 3allMC MOBHUX CHUTHAJIIB MPOBOJUTHCS B MPUMIIICHHI, SKE
aKyCTUYHO HE aJanToBaHO ITiJ Iiek 3armuc. Hampukiaza, mpu 1isoMy MOXKE BIUTMHYTH
Ha SIKICTh 3aIllUCy HE XapaKTEepHI 3HAYEHHS yacy peBepOepallii, siki MOKHA OIIHUTH B

IbOMY MPUMIIIECHHI IUISIXOM BUMIPIOBAHHS IMITYJILCHOT XapaKTEPUCTUKH.
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TakmMu 4YMHOM, MIABHUIIEHHS PO30IPJMBOCTI BXKE 3alMCaHUX ayJl10CUTHAJIIB
MOXKJIMBO Yepe3 TMPOBEIACHHS TpOIEAYypH JaepeBepOeparii. Peamizamito Takoi

MPOIIETyPH BUKOPUCTAEMO B paMKax JAOCIIHKCHHS HEHPOHHI MEpPEexi.
2.2.1 PeBepOepaunis

PeBepOepariiss — 1e siBUIE OaraToKpaTHOrO BIAOWTTS 3BYKOBHX XBHJIb Bij
MOBEPXOHb y MPUMIIICHHI, [0 MPU3BOAUTH O TPUBAJIOTO 3aTyXaHHS 3BYKY MicCIs
IOpPUINMHEHHS Horo BumpoMiHioBaHHsS. Llell mpomec € BaxiuBuM (aKTOpoM Ipu
00poOLIl MOBHMX CHUTHaJIB, OCKUIBKH peBepOepalis MOXE€ CyTTEBO BIUIMHYTH Ha
pO301pJIMBICTh MOBJEHHS, @ TaKOX YCKIAQAHUTH POOOTY CHUCTEM pO3IMI3HABAHHS
MOBJICHHSI Ta KJIOHYBaHHSI T0JIOCY.

Konu 3BykoBUI CUTHAJI T€HEPYETHCA Y 3AMKHYTOMY CEPEIOBUILI, HATPUKIAM, Y
KIMHATI, BIH TNOIIMPIOETHCS Yy BCIX HampsMKax. YacTWHA LbOrO CHUTHAIY JOCSTae
cinyxada (abo mikpodona) Oe3mocepeHbO — Iie IpsAMHM curHaia. OjHak 3Ha4YHA
YaCcTMHA XBWJIb BIJOMBA€THCS BIJl CTIH, MIJJOTH, CTEJl Ta IHIIMX I[OBEPXOHD,
CTBOPIOIOYM BIOWTI cUTHaNMM. Yepe3 BIIOUTTS CUTHAJ MPUXOIUTH O cliyXada i3
3aTPUMKOIO, 1110 BUKJIMKA€E eeKT perepoOepairii.

TpuBanicTh LOTO 3aTyXaHHsS, TOOTO yac, 3a SKUH PIBEHb 3BYKY 3MEHIIYETHCS 0
HEYYTHOTO CTaHy, Ha3MBAETHCS YacoM peBepoOepaiiii. Yac peBepOepairii — 11e 4yac, 3a
AKUN PIBEHb 3BYKOBOT'O THUCKY 3MEHIIyeThcs Ha 60 Ab miciis NpUNMHEHHS] 3ByKOBOTO
BUIIPOMiHIOBaHHs. llel MOKa3sHUK € Ba)JMBOI XapaKTEPUCTUKOI AaKYCTUYHOIO
CEpEelOBUILA 1 BU3HAYA€, HACKUIbKU JOBrO 3BYK «BIUIYHIOETHCS» Y TNPUMIIIECHHI
micias TPUNUHEHHS Woro Jokepena. [[ns KUIBKICHOTO ONUCY I[bOTO  SIBHILA
3actocoByeThes (popmyna CalbiHa, sika TO3BOJISIE po3paxyBaTu 4ac peBepOepariii Ha
OCHOBI 00'eMy TpPHUMIIIEHHS Ta AaKyCTUYHHMX BJIACTUBOCTEH WOr0 IOBEPXOHb.

dopmyna CebiHa BU3HAYAETHCS HACTYITHUM YUHOM [5]:
0,16 -V
T=——
Sa +4mV



Iie:

o T —11e 4ac 3aTyxaHHS y CeKyHJIax JJisg 3MEHIICHHS piBHSA Ha 60 1b;

e V — 00’eM npumMimieHHs (B M?);

e a — Koe(ilieHT 3BYKONOTIMHAHHS;

o S — CymapHa 1Joiia BCiX NOBEPXOHb MIPUMIIICHHS,

o1

o M — e KoedilieHT 3aTyXaHHs MOBITPS, SIKUH BIAMOBIIAE 3a OCTa0ICHHS 3BYKY

IiJ] 9ac WOTo MOIIMPEHHS Yepe3 MOBITPS.

PexoMengoBaHi 3Haue€HHSA 4Yacy peBepOepallii I pi3HUX NPUMILICHb HAaBEACHO B

tabmumi 2.1.

Tabmuus 2.1 — PekoMenioBaHi 3HaueHHs Yacy peBepOepaitii [5]:

[TpumiteHHs 06’em Yac peBepOepairii
Crynis 3ByKO3anucy <50 m® 03¢

KrnacHa kiMHaTa <200 M3 04-0,6c¢

Odic <1000 m3 05-1,1c
Jlekmitina 3ana <5000 m® 10-15¢
KoHuepTHuii 3a1, onepa <20000 m3 1,4-2,0c

2.2.2 CTpyKTYypa cUCTeMH MiIBUILEHHS PO30ipI1uBOCTI MOBH

Cucrema miABUIIEHHS PO30IpPJIUBOCTI MOBH MMOOYJOBaHA 3 BHUKOPUCTAHHSIM

HEUPOHHUX MEPEX, K MPOTPAMHOI0 1HCTPYMEHTY HJisi JOCSITHEHHs JepeBepOariii

curHaniB. Heiiponna mepexxka moOymoBana 3a mpuniunom U-Net. U-Net — e

apXiTeKTypa 3TOPTKOBOI HEHPOHHOI MEpEeXki, fKa, BHUKOPUCTOBYIOUH 300pakKeHHS,

ABTOMATHUYHO BUJUISE BAXKIMBI O3HaKU a00 MaTepHH, a MOTIM PO3IIMPIOE iX [0

MOBHOT KapTH CErMEHTAIlli 3 BUCOKOIO TOYHICTIO JeTamizaili. BoHa ckiamaetscs 3

€HKoJiepa, IO TOCTYNOBO 3ropTa€ JaHi, Ta JAEKOAepa, SKUW BITHOBIIOE iXHIM

POCTOPOBUI poO3Mip, 30epirarour BCIO MiHHY iH(opmamio [76]. B Hamomy x

BUIIAJIKY, SKIIO 3alMCaHUN MOBHUW CHUTHAJ TIEPEBECTH B 4YaCTOTHY (opmy, TO Ha
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OCHOBI YacOBO-YaCTOTHOTO TIPEJCTABICHHSA MAaEMO CIIEKTpOTpamy, SIKy MOKHA
npeAcTaBUTH Y (hopMi 300parKeHHs.
CtpykTypa HEUpOHHOI MEPEKi HaBeJeHA Ha PUCYHKY 2.4 Ta CKIAAETHCS 3 IBOX

OCHOBHHUX YaCTHH: cTHCKaroua (encoder) Ta po3mmuproroya yactuHa (decoder).

Bximni nagxi Ile 6
peBepOOBa
—  »  EHKkoje eKoe > o
Acp HAexonep HUM CIIEKTP

.

Pucynox 2.4 — CrpoliieHa CTpyKTypHa cXxeMa HEUPOHHOI Mepexi

CTHUCHEHHS BHKOHYETHCA 3a JIOTIOMOTOI0 TPYNU 3rOPTKOBHUX IIApiB 13
MOCTYIIOBUM  3MEHIIEHHSM PpO3MIPHOCTI BXIJHUX JaHHUX, J€ KOXEH IIap
BukopuctoBye ¢ynkiito aktuBamii Leaky RelLU 3rimro dopmymu (1.3), mo6
30epertu JieTajal y HU3bKO4acTOTHUX KOMIIOHEHTAX.

Po3mpenHst BiIHOBIIOE MPOCTOPOBI PO3MIPH JAHMX, OJHOYACHO MOEAHYIOUH
iHpopMallito, BUTITHYTYy Ha ertam cTtuckaHHs. llell eram 3abesneuye Mepexi
MOXJIMBICTh JIETaJbHO PEKOHCTPYIOBATH TIOYATKOBE 300paXKeHHS Ta BUIAUIATH
BaXJMBI 0coOnuBOCTI. Ilicmss KOXXHOTO PpIBHS PO3IIMPEHHS pO3MIp JaHUX
30UIBIIYETHCS, 1 MEpeka MOCTYIIOBO J0Ja€ JeTajll, HaMararo4uch BIJJHOBUTH iX JIO
BUX1IHOTO po3Mmipy [76]. Posiiupents BUKOHY€ETHCS 3a JOIIOMOI0I0 TPAHCIIOHOBAHUX
3ropTKkoBUX wIapiB. B skocti (QyHKWIT akTUBaUli AJig IIapiB  PO3MIMPEHHS
BuKOpucToBYeThCst ReLU 3rigHo dopmynu (1.2).

Bukopucranns ¢ynkiii ReLU 3abe3nedye wiTke 1 cTaOUIbHE BITHOBJICHHS
MO3UTUBHUX O3HAK, IO CHOPUSE TOYHINIINA PEKOHCTPYKINI Ta JOMOMara€ yHUKaTu
aptedakTiB, SKI MOXYTh BHHHKATH TpHU Tepefadl BiA'€MHUX 3HA4YCHb Ha eTarll
PEKOHCTPYKIIIi.

[Ilapu cTUCHEHHS Ta PO3MIUPEHHS 3 €IHYIOTHCS 3a JOMOMOTOI0 TaK 3BaHUX
ckin-3’eqHanb. CKin-3’€HaHHS 3 €IHYIOTH BIJATNOBIAHI IIapy CTUCHEHHS Ta
PO3LIMPEHHS, 3a0€3eUyI0uH MepeHeCceHHs 1HPOpMallii 3 paHHIX 1IAPIB CTUCHEHHS JI0

BIJIMOBITHUX IAPIB PO3MIUPEHHS, II00 BITHOBUTH BaXKJIUBI JI€Tajll, BTpAayeH1 Mij 4ac
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ctuckaHHs. HaBueHa HeﬁpOHHa MCpPEKa 3a pe3yjibTaTaMu CBO€1 pO6OTI/I JO3BOJISIE HA

BUXOJ[l OTPUMATH BIJTHOBJICHI CUTHAJIM 3 CIIEKTPAIbHUMHU O3HAKaMHM JiepeBepoOepalrii.

2.3 TeopeTu4Hi 0CHOBH MOOY/A0BU CHCTEM KJIOHYBAHHS I0JI0CY

KionyBaHHsl rojiocy — 3ajaya HAaBYUTUCh CHUHTE3yBaTH TOJIOC JIIOJAWMHU Ha
OCHOBI KOMIT IOTEPHHUX 3ac001B uepe3 BUKOPUCTAHHS 3a3/ajieriab 3po0JeHUX 3pa3KiB
3aIlUCaHOl MOBH.

Ha BinMiHy BiJl ICHYIOYMX TEXHIYHUX pIillleHb, $KI OyJO pO3IJIAHYTO B
MEpIIOMY PO3AUIl poOOTH, HANpPHKIaA B OTJSAOBIM cTaTTi [63] Ae BIAMIYEHO, IO
CUCTeMa KIOHYBaHHS MOBHHX CHTHaJiB MoOXe OyTH CTBOpEHa SK IUIIXOM
NEPETBOPEHHA TEKCTY B MOBHHMU CUTHan (Tmepmuid croci6), Tak 1 Ha OCHOBI
MEPETBOPEHHSI TOJOCY 3 MOXKIIMBICTIO HOro HAOMMKEHHSA N0 MEBHOTO E€TaJIOHHOTO
BapiaHTy (Apyruii cnoci0). B qanoMmy BUNajKy B HAIIOMy AOCIIHKEHHI 00paHo came
Nepiuid crnocid, OCKIIBKH 3a JIPYTUM CIOCOOOM HasBHAa Mpoleaypa Moaudikarii
(opMH 3BYKOBOI XBHJI1 IO TOJIOCY, IKUI 3alIMCAaHO HA OPUTTHAIIBHOMY ay[10 3pa3ky. |
[0 TPOILEAYpy 3BICHO MOXHA peaji3yBaTH Ha OCHOBI BIJOMHX aJTrOpPUTMIB
00poOJIEeHHsI CUTHANIB, MPOTE MOXYTh OYyTHM BTpau€Hl Ba)JIMB1 JIHTBICTHYHI Ta
(OHETHYHI XapaKTEPUCTUKHA MOBJICHHS.

®dakTUYHO, TaKa MPOIEAypHA CIpsIMOBAaHA Ha Te, 100 MPU CHHTE31 MOBHHX
CUTHJIIB 30€pertd B KOMIi MPUPOJHICTh Ta IHJIMBIAYalIbHICTh OPUTIHAIBHOIO
3ByyaHHs. CuHTE3 MOBJIEHHS O0a3yeTbCsi Ha aBTOMATUYHOMY II€PETBOPEHHI
HaIlMCAaHOTO JOBUIBHOIO TEKCTy B yCHE MOBJIEeHHA. [lpu 1pomy, JIHIBICTUYHO-
AKyCTUYHI XapaKTEPUCTUKU OOUPAIOTHCA HAa OCHOBI 3aMMCaHUX OPUTIHAIBHUX
MOBHUX 3pa3kiB. [Ipu cuHTe31 MOBIEHHS OyKBU UM rpyna OyKB BUPaKAIOTbCS dYepes
dbonemu. [ani BigOyBaeThCs IepEeTBOPEHHS TEKCTY B €KBIBAJICHTHI CJI0Ba (IIpoIeaypa
TokeHizarii). [licis 1poOro, KoXKHE CJIOBO 3  BIAMOBIAHOK  (HOHETHUHOIO
TPAHCKPUMIIIEI0 00’ €aHyeTbecsl Yy (OHETUYHI TPYymH, SKI Jajli € OCHOBOK JUIS

CTBOPEHHS MOBHUX 3BYKiB [60].
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Jlns  KJIOHYBaHHSI Tojocy Ta 30€peXeHHsS JIHTBICTHYHMX 1 (HOHETUYHUX
XapaKTepUCTHK MOBJICHHS  3allPOIIOHOBAHO BHKOPUCTAaTH HEHPOHHI  Mepexi
rmOokoro HaByaHHsI. CTPYKTypHA cXeMa CUCTEMHU KJIOHYBAaHHS TOJIOCY HaBEeICHA Ha

PHUCYHKY 2.5.

Konep roJoc,
Kopomxe emanonne Aep Yy
—> (mogxens GE2E)

BUCII06TII06ANH

[Heiiponna mepesxa 1]

MEL-cnexrporpama

[———————— - ————— = 1 Boxonep Cunmesosana

Tocnidoguicmo gponem 3 > § ;
X ¢ Konep KounkaTtenauist Jlexoaep (monens WaveNet) opma 36yko60i
8XI0HO20 meKkcmy | | xeuni

[Heiiponna mepexa 3]

[ |
| |
| Cunresarop (Mozens Tacotron 5 Google) |
| [

Pucynok 2.5 — CTpyKkTypHa cxeMa CUCTEMH KIIOHYBAaHHS T'OJIOCY

Cucrema KIOHYBaHHSI TOJIOCY BKJIIOUYae B ceOe TpU HEUPOHHI MeEpexi, SKi
MIPOXO/SITh HABYAHHS HE3AJIEKHO OJIHA B1Jl OHOI B MOCIIIIOBHOMY MOPSAAKY. Y CXeMi,
IpE/CTaBlICHIM Ha PHUCYHKY 2.5, pealli3oBaHO METOJ TEPETBOPEHHS TEKCTYy Ha
MOBJICHHEBE BHUCJIOBIIOBaHHA 13 3aJlaHUMU aKyCTUUHMMH XapaKTEepPUCTUKAMHU 3a
normoMoror texuosorii SV2TTS [77]. g cTpykTypHa cxema € MpHUKIAIoM
CTATUCTUYHOI MapaMETPUYHOI MOJIENIlI CHHTE3y MOBHHX CHUTHANIB, SIKa JIEMOHCTPYE
YITKUH 3B’SI30K MIK TEKCTOBUMH O3HAaKaMM Ha BXOJlI Ta CHUHTE30BaHUMH
AKyCTUYHUMU XapaKTEPUCTUKAMU Ha BUXO/I].

VY Kxozaep rojiocy Ha BXiJ] MOJAEThCS KOPOTKUM €TaJlOHHUM 3pa30K MOBJICHHS, Ha
OCHOBI SIKOTO (hOPMYETBCS PEMpPE3eHTAIsl TOoJ0Cy Uil poOdoTH cuHTe3aropa. [Ipwu
IIbOMY KOJEp T'eHepy€e OJHOBHUMIPHHM BEKTOP 13 ()IKCOBAHOKO PO3MIPHICTIO, BIJIOMHMIA
sk d-BekTop [68].

CuHTe3aTop BUKOHYE KITIOUOBY POJIb Y TIpolieci renepaitii Mel-criektporpam, siki
MOTIM TIepeAaroThCsl BOKOJEPY Il  BIJATBOPEHHsS KIHIIEBOTO ayalOCUTHAIY.
CunTe3atop npuiiMae Ha BXiJl TEKCTOBUU OMKUC (TEKCT MOBJICHHS) Ta pENpe3eHTAlIII0
roiocy d-BekTop (reHepoBaHHMii Kojepom) 1 cTBoproe Mel-cnekTporpamy —
IpOMIXKHE TPEJCTaBICHHsT 3ByKoBoro curHainy. Lls Mel-cnekrporpama omnucye
CHEKTpaIbHI XapaKTEPUCTHKU aydio, 30KpeMa, K YACTOTH MICTATHCS B CUTHAJI Ta

ixHIO 1HTeHCHUBHICTh. CHHTE3aTOp BHUKOPHCTOBYE d-BeKTOp uisi cTBOopeHHs Mel-
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CIIEKTpOrpaMu, 1110 BIAMOBIAAIOTh TEMOPY, IHTOHAIlIT Ta CTHUJII0 KOHKPETHOI'O MOBIIS.
Mel-criekTporpama, CTBOPEHAa CHHTE3aTOPOM, € JIMIIEC MPOMDKHUM PE3yJIbTaTOM.
Bona MicTuTh BaxJIMBY aKyCTHUHY iH(pOpMaIlilo, aje HE € TTOBHOIIHHUM 3BYKOBUM
curtasioM. J[yis oTpuMaHHs 3ByKY OTPiOE€H BOKOJED.

Bokogep BHKOHye TOJIOBHY pOJIb Yy TpoOIeci BIATBOPEHHS KiHIIEBOTO
ayJl0CUTHAJIY 3 MPOMIXHOTO TipejicTaBicHHs — Mel-criekTporpam, 1o reHepyrThes
cuHTe3aTopoM. Mel-cnekTporpama € JMII€ CHEKTPaJbHUM MPEICTaBICHHIM
ayJIlOCUTHAY, SIKE OMHCYE aMIUTITy[d YacTOT Yy dYaci, a BOKOJEp B CBOIO 4Yepry
orpuMye Mel-criekTporpaMmy Ha BXiJ 1 BIATBOPIOE HEMEPEPBHUN ayIIOCUTHAI, IO
MOXHa TpociayxaTu. Bokoaep BpaxoBye 4acoBl Ta CHEKTpayibHI ocoOiuBocTi Mel-
CIIEKTpOrpaM 1 BIATBOPIOE MOBJICHHS 3 BIJAMOBIAHUMHU I1HTOHAIIIMH, TEMOpPOM Ta

TYYHICTIO.
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3 HPAKTUYHA YACTUHA JOCJ/IIIKEHHSA

B pamkax mnpakTUyHOI YAaCTUHU JOCHIIHDKEHHS pPO3pOOJIEHO TpPU CHUCTEMHU
00poOJICHHST aKyCTHYHO1 1H(OpMaIlli, SK1 J03BOJAIOTH BUPIIIUTH PSI KIHOYOBHUX
3az1ad4, a came:

- 3a0e3nedyeHHs] HAA1MHOI MEepeBIpKU Ta KOHTPOIIO AOCTYIY 10 MPUMIIIECHHS
0co0H 3a ToJI0coM (cucTeMa 1IeHTUdIKAIlT 3a TOJIOCOM);

- po3poO0JIeHHS MOBHOTO aBTOMATY 3 PO3Ii3HABAHHS CJIiB (IMEHHHK, TIECIOBO,
NPUKMETHUK) SK YKpPaiHCBKOIO TaK 1 aHTIMChKOI MOBaMH 3 PI3HOIO
IIBUIKICTIO Ta 1HTOHAIIEID MPOTOJIOMIEHHS CIIB (CHCTEMa pO3IMi3HABAHHS
MOBH);

- BIJIHOBJICHHS 3aIllMCaHOTO MOBHOT'O CUTHAJy B MIPHUMIIICHHI, IKE HEHAIEKHO
aKyCTUYHO 0OpoOJieHO (cucTema MiABUIIECHHS pPO30IpJAMBOCTI MOBH 3
byHKIi€0 aepesepOepariii);

- (opMyBaHHS CHHTE30BAaHOTO TOJOCY Ui CTBOPEHHS ayJio AO0JaTKiB,
HANPUKIIAJ, AN CTBOPEHHS TOJOCOBUX ACHUCTEHTIB UM JJs CTBOPEHHS
CUCTEMU TEPEBENICHHS TEKCTIB y TOJIOCOBI (paitnu (cucTema KIOHYBaHHS
roJiocy).

3ayBakuMO, 1110 yCl poO3po0JeHI CHUCTeMH MaloTh MPAIOBATH 3 ayjaio
KOHTEHTOM, SKHUW CTBOPEHO a00 3amuCcaHO HE JIMINE aHTJIWCHKOI MOBOIO, aje i
YKpPaiHCbKOIO MOBOIO, BpPAaXOBYHOYM MiclieBui [ianekT. Kpim 1boro, HeoOXiJIHO
3a0e3neunTH mepeBaru po3po0JeHUX CUCTEM Yy MOPIBHIHHI 3 ICHYIOUNMH aHAJIOTaMH,
HacamIiepes; 3 TOYKH 30py IIBHJAKOJII HAaBYAHHS Ta PpOOOTH, TOYHOCTI Ta T'OJIOBHE,
PO3p00JICH] CHUCTEMH MarOTh BUPIZHATUCH BJIACTUBICTIO ajaritailii poooTu a0 3MiHU
YMOB (DYHKIIIOHYBaHHS.

[Tponenypa igeHTudiKalii 3a TOJOCOM € TEPIIMM BAXJIMBUM 1 KIHOUYOBUM
eTaroM, SIKUi 3a0e3neuye MOKIUBICTh IEPCOHATI30BAHOT B3aEMOJIIT 3 CHCTEMOIO 1 /1€
(GakTHUYHO  TEpEeBIPSIIOTHCS  TMEPCOHA30BAHI  XApaKTEPUCTUKH  JIFOJUHH.
BukopuctoBytoun HEMpOHHI Mepexi JUisi aHali3y YHIKaJbHUX aKyCTUYHUX

XapaKTEPUCTHK TOJIOCY, €l MOIYJIb TO3BOJISIE TOYHO BU3HAYATH 0CO0Y KOpUCTYBayva.
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Taka mepcoHamizalliss CTBOPIOE OCHOBY JJIsi HACTYIHOI'O €Tally — pO3MI3HAaBaHHSA
MOBH, /€ Ha 0a3l OYMIIEHMX Ta CETMEHTOBAaHMX JAHUX, CHUCTEMa IEPEBOAUTH
MOBJICHHA y TE€KCTOBY (opmy. Lle ocobnuBo BakiamBO il 3a0e3MeueHHs] TOYHOTO
PO3YMIHHS KOHTEKCTY Ta 3MICTY MOBJIEHHS, IO, B CBOIO 4epry, 4yacoM MOTpelye
MOKpAIIeHHS SKOCTI CHUTHAJy B yMmoBax peBepOepartii. [lepeBepOepartis 3HaYHO
HOKpally€e SKICTh CUTHANly, y BUIAJKy KOJM 3allUC LbOIO CUTHAIy BiaOyBaBcs y
OPUMILIEHH], $KE HE aJalTOBaHO 3a AaKyCTUYHUMHU yMOBaMH. SIKmio 3amuc
MPOBOAMTHCS CaMe€ MOBHHX CHUTHAJIIB, TO peBepOepallisi MOKe BIMHYTH HETaTUBHO 1
Ha TOYHICTh pO3Mi3HAaBaHHA MOBU. B paMkax 3aaadl CBTOPEHHS CHCTEMHU
11eHTU(IKAIll 32 FOJIOCOM TaK0X OyB IPOBEICHH €KCHEPUMEHT IIOJO0 MEPEBIPKU
i€l CHUCTEMH JJIs BWIAJKY, KOJIM MOBHHMA CHTHAJ TEPEBIPKA € INTYyYHO
CUHTE30BaHMM TOJOCOM Ha OCHOBI KOMII'IOTEpPHUX 3ac00iB, IIO0 HE 3aBXIU €
JOCTYIIHUM, SIKICHUM Ta 3py4yHUM 3acoO0oM. ToMy pnonatkoBo, OyJio BHPILIEHO
peaili3yBaTu CUCTEMY, SIKa HaBU€HA LIBUJKO POOUTH SKICHUI KJIOH rojiocy, Tak o0
KJIOH OyB CXOXMH Ha OpUTIHAN Kpalle, HIX HPU BUKOPUCTAHHI KOMII FOTEPHUX
3ac001B.

st inenTudikaiii 3a ToJ0COM ICHYIOTh Takl pilmieHHS sk Amazon's Alexa Ta
Apple's Siri, ane BoHM, Ha Xajb, HE JOCTYIHI JJis YKpaiHChbKOI MOBH. bkl TOro
cucteMa 1eHTU(dIKalli MOBI[B, fKa HaBue€Ha Oe€3MOCEepeIHhO Ha YKPaiHOMOBHHUX
JaHUX, MaTUME HU3KY IepeBar MOPIBHSIHO 3 TIE€IO, 10 MPOXOAUJIAa TPEHYBaHHS Ha
aHTJIOMOBHUX MpuKiIagax. Mojenb, HaBUEHA caMe Ha YKpaiHChbKii BHOIpIli, Kparie
PO3pi3HsSE THUIOBI 3BYKH M MO€IHAHHS yKpaiHCcbkoi MoBH. CHcTeMa, aJanToBaHa J0
AHTJIACHKOI, OPIEHTYEThCA HA IHIIMN HaOlp aKyCTUYHUX IMaTEepHIB 1 MOTraHO
IHTEpHIPETyE XapaKTepHi Al YKPATHCbKOI MOBH CIIEKTPaJIbHI OCOOIMBOCTI.

Cucrema po3mizHaBaHHS MOBH ITUPOKO MPEICTaBlieHI Ha puHKy. Kommnanii Taki
ak Microsoft, Google Ta Amazon nmponoHyOTh PIIEHHS IJs1 PO3Ii3HABAHHS MOBH,
ajle He BCl BOHM Ha alb HIATPUMYIOTh YKpaiHCbKy MOBY. TakoX NpUCYTHSA
mpoOjemMa B TOMY, 110 YacTO CIIOTBOPEHI CIIOBA 3a PaXyHOK aKIIEHTY a00 MIBHIIKOCTI
BUMOBHU MOXXYTh PO3Mi3HABATUCH HE KOPEKTHO, 1 1€ T0JIaTKOBO BUKJIMKAE THTEpPEC 10

JOCITIDKEHHS 11010 TIEPEBIPKHU MTOBEIIHKKA TOYHOCTI PO3ITi3HABAHHS.
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Ak 3a3HaueHo B MyHKTI 1.4, icHye 0arato MeTOMIB YCYHEHHsI peBepOeparliii Ha
OCHOBI OJTHO- Ta O6araToMikpooHHUX cucTeM [23], TakuxX sIK, IHBepCcHa (UIbTpaIlis
[22, 24], GaraTokpokoBi JiHIHHI TMPOTHO3W [25], aBTOMATHYHI MOBHI KOJIEPH Ta
nekonmepu [17], a Tako 0OpoOKa CHIEKTpaabHOI 00JIaCTI MOBHOTO CHUTHANy 3
BUKOPHUCTAHHAM METOAY HaiMeHIMX kBazapatTiB [17]. [Ipore, OCHOBHUM HEIOJIIKOM
[UX MiJIXO/IB € T€, [0 BOHU HE MOBHOIO MIPOIO BPaXOBYIOTh CIIEKTPAJIbHY CTPYKTYPY
MOBJICHHSI, Y€pe3 110, MOXKYTh BTpadyaTHCs 4ITKI 4aCOBO-YAaCTOTHI 3aKOHOMIPHOCTI,
XapaKTEpHI JUIsI MOBHOTO CHUTHANy. [HIMMMU CllOBaMH, BHACTIAOK BUKOPHCTAHHS
3a3HAYEHUX MIIXO/IB Il 3aKOHOMIPHOCTI MOXYTh OyTH MPOCTO BTpadeHi. 3ajaucto
nepeBepOepallli MOBJIEHHS € 30€peKeHHs TIJI00ajJbHOI 4YacoBOi Ta CIEKTPaIbHOI
iHhopmanii curHany [23], Mo MOXIMBO 3a0€3MEYUTH HAa OCHOBI BHKOPHUCTAHHS
HelpoHHUX Mepex [16]. [nes BukopucTaHHS HEHPOHHUX Mepex Uit 0OpoOJIeHHS
3alMCaHUX MOBHUX CUTHAJIIB BUHHUKIIA YEPE3 TE, IO 11 MEPEXK1 YCHIITHO A03BOISIOThH
PO3B’s3yBaTH PI3HOMAHITHI MPUKJIAAHI 33/1a4l OB'sA3aH1 3 00POOICHHIM 300pakKeHb 1
B HAILIOMY BUIIAJIKY, [[IKABO MEPEBIPUTH SIK 111 MEPEK1 MOKHA BUKOPUCTATU CaMe JIJIs
MOBHOI 1H(popmarlii. B HamoMy >k BHMNaaKy, SKIIO 3alMCaHUAd MOBHUU CUTHAI 3
peBepOepalli€lo Ta IMIyMOM IEpPEeBECTH B YAaCTOTHY (OpMy, TO Ha OCHOBI 4acOBO-
JaCTOTHOTO MPEACTABICHHSI MAEMO CIIEKTPOTpamy, sIKy MOKHA MPEICTAaBUTH Y (hopMmi
BI3yaJIbHOTO 300pakeHHs. | 3a7auero HEHPOHHOT MEpEeXkKl BKE € aHaJ3 Ta KOPEKIis
IILOT0 300pakeHHs. CrieKTporpama J03BOJIsI€ TTOKa3aTH TUMOBI MarTepHu (hopMaHTH,
00J1acTl KJIallaHHA, BUCOTY TOHY CUTHAIly, TOLIO) @ TaKOX XapaKTEpHI 0COOJIMBOCTI,
SK1 IPUBHOCHUTH peBepOeparlisi Ta aiuTUBHUH 11yM [26].

Po3B’s130k  3amaui  gepeBepOepallii 3 BHUKOPUCTAHHSAM HEUPOHHUX MEpEex
MoKa3aHo B po0oTi [21], mpoTe B Iii cTaTTi HE BKa3aHI OCOOJIMBOCTI CUCTEMHU Ta il
OyIoBy, IO YHEMOXJIHUBIIIOE ii MpaKTHYHE BUKOPHUCTaHHS. ToMy, mis peamizaiii
aQHAJIOT1YHOI CUCTEMHU, MIJX1] SKUI HaBEJIEHO, MU HE MOKeMO BUKOpucTatu. B po0oTi
[19] HaBeaeHO mpuUKIIal HEMPOHHOT Mepexi I aepeBepOepartii, sika moOyaoBaHa Ha
PEKYPEHTHUX HEHPOHHHUX MEpekax, ajie 3rOPTKOBI HEMPOHHI MEpPEXKi K1 HaBEACHI B
NYHKTI 2.2 aucepTaiiiiHoi poOOTH, Ha BIAMIHY BiJl peKYpPEHTHUX, MOKYTh OJTHOYACHO

0o0poOJIsATH BCl YAaCTUHU CHEKTPOTpaMu, IO JO3BOJISIE iM IIBHUJIIE Ta TOYHIIIE
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BUJIUIATH KJIFOYOBI 3aKOHOMIPHOCTI, TOB’si3aHi 3 peBepOepaliiero. Y ToM yac sk
PEKYpPEeHTHI MOJICNIIOIOTh TIOCIIIOBHI 3aJ€KHOCTI, BOHH OOMEXEHI y 3JaTHOCTI
GiIpTpYBaTH TPOCTOPOBI MATEPHH, IO MOXKYTh OYTH KJIIFOYOBHMH JJIsi BU3HAYCHHS
peBepOepalifHuX KOMIIOHEHTIB. KpiM Toro, 3ropTkoBi HEHPOHHI MEPEKi BUKOHYIOTh
Oe3mocepeiHE TEPETBOPEHHS CIIEKTpa, IMIO0 JI03BOJISIE HE MPOCTO MPHUIIYIIYBaTH
peBepOepalliio, a TOYHO BIJIHOBIIOBATH BUXIAHUM MOBHUN CHUTHaJ, YHUKAIOYU
HAJMIpPHOTO MPUAYHICHHS a00 BTpAaTH KOPUCHUX O3HAK. Y poOoTi [7/8] po3risHyTO
rMOOKY HEHPOHHY MEPEXKY, sKa 00po0IIse KOKEH KaJip CIIEKTPOTpaMy HE3aIeKHO, 1
mepesxka CNN 0o0poliisie BCl 4aCTUHU CHEKTPOTpaMU OJHOYACHO, IO J03BOJISIE
MPUTIYIIyBaTh peBepOepaliiiHi KOMIOHEHTH Ta aJdalTHUBHO 30epiratu CTPYKTYpy
cur"aiy. Lle no3Bosisie oTpuMat OUTbII NPUPOJHE 3ByYaHHs 0€3 BTpaTH BaXJIMBHUX
donernunux neraneit. Kpim toro, CNN € OUIbII CTIMKOIO JIO IIYyMiB, OCKITBKH MOKE
e(EeKTUBHO pPO3MI3HABATH 3arajibHl 3aKOHOMIPHOCTI peBepOepallli HEe3aJIeKHO BiJl
KOHKPETHUX aKyCTUYHHUX YMOB.

JI7is KJIOHYBaHHS ToJIOCY Ha PUHKY ICHYE OCTATHBO pillieHb Taki sk Descript,
Microsoft Azure Custom Neural Voice, ElevenlLabs Ta inmi. HaBemeni cucremu
oQiIIAHO HA KaJdb HE MPAIIOIOTh 3 YKPaiHCHKOI MOBOIO. TakoX s KIOHYBaHHS
roJIocy Il CUCTEeMHU BHUMararoTh BiJl 5 10 30 XBWJIMH TPUBAJIOCTI 3alUCy 3 T0OJIOCY
MOBIIS, IIO0 MPOCTO JOHABYUTH CUCTEMY Ha 3alMCAaHMX CEMILIaX, a He HamMararoTbCs
BIITBOPUTH TOJIOC “‘Ha JBOTY, 1 116 OOMEXKEHHS, a TOYHIIIE ii MOJ0JIaJaHHsI TaKOX

BUKJIMKAE IHTEPEC JIs1 TOCTIIKEHHS.

3.1 Cucrema inenrudikauii 3a rosocom

Ha BigmiHy Big HaBeleHHWX TEXHIYHMX pimedb B crartax [79, 80],
3aMpONOHOBAaHA CUCTEMA IPYHTYEThCS HAa PEKYPEHTHIM HEMpPOHHIN Mepexi, a He Ha
3roptkoBid.  Takuifi miAXia  103BOJIIE  BPAaxOBYBAaTH  YacoOBl  3aJIeXKHOCTI,
MTOCTIJOBHICTb, ITI00AIBHUN KOHTEKCT 1 JIO3BOJISIE TIPAIIOBATH 31 3MIHHOIO JTOBKHHOIO

CUTHAJIIB. 3alporOHOBAaHWM MmiaXin B ctaTTi [81] Takox He 31aTeH aHami3yBaTH
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4acoBl MOCJIJOBHOCTI, Ta Ma€ TaKUil caMUi HEJOJMIK, K 1 Y BUNAAKy BUKOPUCTAHHS
3TOPTKOBUX HEUPOHHUX MEPEK.

Jlnst  peamizamii cuctemu imeHTHU(IKAIi 3a TOJOCOM 3a OCHOBY B3SITO
PEKYypEeHTHY HEUPOHHY MEpEeXy, XapaKTepUCTHKH SKOi omucaHo B 1m.2.1.3 poboTw.
[Tpu poMy, sik OyJI0 3a3HAYEHO B apXiTEKTypl BUKOPUCTAHO 8§ MIApiB, 3 AKUX BiIpa3y
/ TOpUXOBaHUX IIapiB, 1 YOTHPU 3 IMX IPUXOBAHUX IIApiB MalwTh BOYIOBaHY
BHYTPIIITHIO TIaM'siTh, SIKa JO3BOJIAE€ aHANI3yBaTH CYCiJHI €IEMEHTH CIIOBECHOI
nocigoBHOCTI. KpiM 1150r0, HEOOXITHO BIAMITHUTH IO CaM ayJi0 CUTHAJ MPOMIIOB
Kpi3b Ipoueaypy GpeiMinry, TOOTO HEepEepPBHUNM CUTHAJ MOAUISIETHCA HAa CETMEHTH,
ab6o ¢peiimu TpuBaiicTio 20 Mc. IlepeBipky  po3po0JIeHOT CUCTEMH MPOBEICHO 3a
YMOBH, 1110 (hpa3u OynyTh BIATBOPEHI 3a PI3HUX YMOB — MOMUJIKOBa (hpasa, (pasa 3
eMOIIHHUM 3MICTOM, (pa3y CTBOPEHO IITYYHUMHU 3acoOamu (cuHTe3). JlicTUHT
porpaMu  po3po0JICHOT CUCTEMU 1IeHTUdIKAIlI 3a TOJOCOM 3 BHKOPUCTAHHSIM

HEWPOHHOT MEpeXkK1 HaBEACHO Y JOJaTKy A poOOTH.

3.1.1 HaBuanHs cucremu ifentudikamii 3a roasocom

Ha erami HaByaHHS HEHWpPOHHOI MeEpexXi, $Ka € CKJIAJOBOIO CHCTEMHU
imeHTudikaii  3a TroJIocoM, 3ajuls  3a0€3MEUEeHHS MPOLEAYypU perysspusarlii
BUKOPUCTAEMO TEXHIKY ApornayTy Ta L2 perynspusanito, 1 IpuiiMeMo, 10 KIJIbKICTb
BIIKJTIOUEHHUX JIJII OHOBJICHHSI Bar HepoHiB ckiagae 30% 1 L2 perymnspusaris mae
3HadueHHd 0.001. Tpu MOBHO3B'SI3HMX IIAPU BUKOPUCTOBYIOTH (PYHKIIIIO aKTHBaIlli
relu srigzao dopmynu (1.2), a ocTaHHId IIap BUKOPUCTOBYE (DYHKIIIFO aKTHUBAIll
softmax srigao Gpopmynu (1.4). ToOTo, BU3HAYCHO, IO CTPYKTYpa HEHPOHHOT MEpexi
s peamizanii  QyHkuii  imeHTHdIKaii 3a TroJocoM, BIANOBIAHO g0 11.2.1.3,
XapaKTEPU3y€EThCS THM, 1110 JIOJIaHO 3aXMCT BiJl MEpEHABUaHHSA, a B CaMii apXiTeKTypi
BUKOPHUCTAHO BiApa3y JB1 PYHKIIT aKTUBAIII1.

Bubipka s HaB4aHHS HEWPOHHOI Mepexi MpeacTaBieHo y (opmari
aynioaiiniB 3 wactororo auckpermsaitii 22050 [ sxi MICTSITh 3amMCH TOJIOCY.

AyaiocUrHaIM 3aBaHTAXYIOThCA 3 (ailmB Ta OOpOONSIOTECA ISl MOJAIBIIOrO
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aHajizy. AyJIOCUTHald  TEpeTBOPHOIOThCS B Hablp  MEL-kencrpanbHux
Koe(iIie€HTIB. s 00paxyHKy MEL-kencrpaibHux KO€(IIi€HTIB
BUKOPHUCTOBYBAJINCH HACTYIIHI TapaMETPH:

e yactoTta guckperusamii — 22050 I';

e po3mip BikHa — 2048;

® KpPOK MDXK BikHamu 512;

e kiapkicTh MEL-kencTpansaux xoedirientis — 20.

JIJisi HaBYaHHS HEWPOHHOI MEpPEKi BUKOPUCTOBYBABCA OMNTHMI3aTOp AJaM Ta
GyHKIIISI BTpAT 3 Ha3BOIO “KaTeropiajibHa KPOCEHTPOITis” .

@yHKILI BTpAT — 1€ MAaTEMAaTUYHUN 1HCTPYMEHT, IKUI BUMIPIOE PI3HUIIIO MIXK
[IJTbOBUMU Ta TPOTHO30BAaHUMHU 3HAYCHHSIMHU, OI[IHIOIOYM, HACKUIBKH TOYHO
HEWpOHHA MepeKa BIATBOPIOE 3alIeKHOCTI y naHuX. Ilig yac HaB4aHHS HEUPOHHOI
MepeXl METOI € MIHIMI3YBaTd I[I0 BTparTy, IO JO3BOJSE MEpEXl HaOIMKATHUCS 10
OpaBWIBHUX pe3yabTaTiB. ONTUMI3ATOp BIAIPAE KIIOUOBY POJib y LOMY IpPOLECI:
BIH OHOBJIIOE MapaMeTpu HEHUPOHHOI Mepeki (Barm Ta 3MILIEHHS) BIANOBIAHO 0
rpajienTa (QyHKIT BTpaT, BUKOPUCTOBYIOUU aJTOPUTM, SK-OT TPAJIEHTHHMN CITyCK.
Takum uymHOM, (YyHKIIS BTpAT BU3HA4Ya€, HACKUIBKM MEpPEXKa BIAXUIISETHCS BiJ
LIJTOBOTO 3HAYEHHS, a ONTUMI3ATOP KOPUTYE MapaMeTpH, 00 MIHIMI3yBaTH IO
noxuOky. IcHyrOTh Taki (yHKII BTpaT, SIK KaTeropiajibHa KpOC €HTPOIIis, CePEeIHs
KBaJpaTUyHa IOMUIIKA, CEpEHSI aOCOIOTHA MOXUOKA Ta 1HIII.

KareropiaiabHa KpoceHTpoITist 00paxoByeThcst HaCTymHUM yrHOM (3.1) [82]:

N C
1
Fee= =7 ) ) Pie10g0ic) (3.1)

i=1c=1
ne N 1e KiTbKICTh JaHUX NMpU HaBYaHHI, C — KIJIBKICTh KJIACIB, P;. 1I€ 3HAUYCHHS
AK€ TMOKa3y€e YW HaJEXKWUTh [ —W NOPUKIAA 10 KiIacy C, Y. L€ TPOTHO30BaHa
BIPOTITHICTD JJIsS1 [ —T'O MPUKJIIAY, 10 HAJIEKUTH KJIacy C.
OnTuMmizaTopu AjaM € aJiropuTMOM Ha OCHOBI METOAYy MOAM(IKOBAHOTO

rpagieHTHOro cnycky. ®opmyia rpaaieHTHOrO ciycky [83]:

041 = 0 — aAf(6,)
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ne 6; 1e mapameTpu MOAeNi Ha iteparii t, a, 1€ MBUAKICTh HABYaHHS Ha
itepamii t, Af (6;) rpaxienT ¢pyHkIii BTpaT f(6;) Ha iTeparii t.

Oxpim ommmizaTopa AnaMm € 1 1HIII MOXIJHI ONTHUMI3aTOPH, TaKi SIK MPOCTUH
CTOXACTUYHHUH T'PaJIIEHTHUM CIYCK, ajarpaji Ta IHIIIi.

Jlns HaBuaHHS HEWpPOHHOT Mepexki BcTaHoBleHO 50 emox. Ilpu TpenyBanHI
HelpoHHoi Mepexi 90% nHabopy gaHux o Ha HaB4yaHHsS, a 10% Ha nepeBipky
pob6otu. Habip nanux mictuth 90 cemrutiB. 3 Hux 30 cKi1a1aroThes 31 CIiB “IMEHHHK,
“mpukMeTHUK” Ta “miecioBo” mo 10 3ammciB HAa KOXKEH, SIKi € €TAIOHUMHU, TOOTO
HaJjeXaTh KOPUCTYBady MO SKOMY Mae€ BiOyBaTuCh ieHTHdiKaris. [Hin 60 3anmucis
MICTSITh cJioBa “oauH’’, “aBa”, “Tpu’” aHriaiicbkoro mo 10 3amuciB Ha KOXKEH Ta CI0Ba
“IMEHHUK”, “TPUKMETHUK”, “/1€CIOBO” TakoXX Mo 10 3amuciB Ha KOXEH 1 HAJIeKATh
THIIAM JIIOAsM. TpUBaiCTh KOXKHOTO CEMIUTY 2 CEKYH/IU. 3arajoM CEMIUIM B JIaTaceTi
MICTATh HACTYIIHI cjoBa: ‘“one”, “two”, “three”, “imMeHHUK”, “NPUKMCTHHK”,
“ImiecmoBo’.

3Ha4yeHHs BTpPAaT HABUCHOI MOJIEJl HAa MOBHOMY 00CsA31 HaBUAJIbHUX JaHUX, B
AK1 BXOJATh nepeBipoyHi AaHl ctaHoBUTH 0.91 a tounicTs 0.98. 3HaueHHs BTpaT Ha

MEePEBIPOYHUX JIAHUX K1 HE Opasiv y4acTh y HaB4YaHH1 ctaHoBUTH (.97 a TOuHICTH

0.88 (puc.3.1).

HaB4YyanbH1 faHil

Pucynok 3.1 — TouHicTh HAaBUEHOI MOJIEJI1 HA HABYAJIbHUX JJAHUX
JIist  BUKOpHUCTAHHS HEUPOHHOI MeEpeXi BHKOPUCTOBYETHCS — ayiodaii
TPUBATICTIO B 2 CeKyHAM (BamijauidHi jaHi). 3 aynaiodaiiny BigOyBaeTbes
O0OYHUCIICHHS MEJ-KETICTPATHbHUX KOS(DIIIEHTIB aHAJIOTIYHO TOMY, SIK 11€ POOUIIOCH ISt
HaBuYaHHA. Men-KerncTpaibHi KOe(IlieHTH MOAAIOTHCS Ha BXiJlT HEHPOHHOI MEpexi,
gka Oyla TmMomepeIHhO HaBYe€HAa Ha NOMIOHMX JaHMX. 3aBAsSKA 374aTHOCTI
pO3Mi3HaBaTH 1HAUBIAYadbHI OCOOJHMBOCTI T0JIOCY, HEHpPOHHA Mepeka aHalli3ye Iii

JaHl 1 BU3HAYAE, JI0 SKOi caMe 0COOM HAJICKHUTh MPEICTABICHUI TOJTOCOBHUI 3pa3oK.
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3.1.2 IlepeBipka po3po0JieHoi cucTeMHU

Jl7is mpoBeIeHHsT €KCIIEpUMEHTY 3po0JieHa MepeBipka CUCTEMU 31 CTaHJAPTHOIO
BUMOBOIO Ta 3 PI3HUMH 3MiHaMHU (IHTOHAI[ISIMH) BUMOBHU. [[1s1 mepeBipKH CHUCTEMU
OyJIM CTBOPEHI CEMIUTH 3 HACTYITHUMU BiIMIHHOCTSIMH
HETNPaBUILHUI BUTOJIOC Ppa3H;
eMOIIIHHUM cTaH (IMITOBaHO BUMOBY (hpasy IIiJl yac CTpecy);

CKJIaJIHE aKyCTHUYHE cepeAoBHINe (HAKIAAECHUN O IITyM);

IPUPOAHI 3MIHU T0JIOCY (3MiHa TEMOpPY roJiocy);

o & w D oE

IITYYHO CHHTE30BAHUI MOBHHI CUTHAJL.
[lepeBipka cuctemu igeHTH}IKAIll 3A1MCHIOBAJIACH YE€pe3 3aluc BIACHOTO
rojocy, K1l B mojajibiioMy Oy BU3HAYATUCh JJI1 CUCTEMH B SIKOCTI €TaJIOHHOTO.
B tabmumi 3.1 3a3HadeHa BipOTIAHICTH MPUHAIEKHOCTI TOJIOCY B CEMIUTL 10 MOTO
BJIACHOTO T0JIOCY SIKUH BUKOPUCTOBYBABCSI NMpPH HaBYaHHI CUCTEMH. 3 OTPUMaHHUX
naHux B TaOmmii 3.1 ciig BIAMITUTH HHU3BKY BIPOTITHICTH CXOXKOCTI €TaJOHHOTO
roJioCcy 3 IITYYHO CUHTE30BaHUM. T0OTO, B I[bOMY BUIIAJKY CHUCTEMA 3a0JI0KY€ BIpHY
BIJIMIOBIJIb TIPU CTBOPEHHI KOMIT IOTEPHOTO 3anucy. o TOro sk, SKIO JIOJWHA TIPH
i1eHTUdIKAaIlll € XBOPOK Ha 3aCTyAy, TO 1€ TE€X MOXe OyTH MPUYMHOIO BIJIMOBH 3
0oky cuctemu ineHTudikanii. ns Beix iHmmx Bunaakax 3 100 cnpo6 npubauznHo 85-
88 OynyTh TakuMH, SIKI XapaKTEpU3YIOTh MPABWIBHICTH CIPAIIOBAaHHS CHUCTEMHU

1meHTudikarii.

Tabmuis 3.1 — BiporiaHicTh MPUHATIEKHOCTI A0 €TAIOHHOTO 3pa3Ka rojiocy

Bigminnocri Henpasuneauii  |Emouiitnuii| Cxnague | Ilpupoani | Cranmaptha| Llty4yno
BUTOJIOC (hpasu CTaH aKyCTUYHE 3MiHU BHMOBa | CHHTE30Ba
CEpEJIOBUILE | TOJIOCY HUH 3a1uc

BiporianicTs
CXOKOCTI 3
0,865 0,857 0,8802 0,7541 0,8855 0,0112

€TaJIOHHUM

ToJI0COM
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3 METO PO3IIUPEHHS JaHUX €KCIEPUMEHTY JJIsl MEePEeBIPKU CTIUKOCTI poOOTH
CUCTEMH, SIKa Ma€ CIpPaIbOBYBATH JIMIIE Y BUMAAKY €TATIOHHOTO TOJIOCY, TPOBEIACMO
MepPEeBIPKY Ha i PEaxIlifo KOJU BiATBOPIOIOTHCS CTOPOHHI aOCOJIOTHO HE3HAWoOMIi 1l
roJjoca Iij yac HaB4aHHSI.

I'onocu Oymu B3sTi 3 Habopy manmx ([84]) Edinburgh Datashare, sike sBisie
co00I0 PEro3uTOpId TOJOCOBUX CHUTHANIB 3 yHIBepcuteTy EaunOypra. Tax
c(hopMOBaHO TeCTOBY BHOIPKY 3 TOJOCIB 23 pi3HUX JIOJIeH Ta IMEPEeBIPEHO 3 KOO
BIPOT1IHICTIO TOJIOCH 0Ci0 3 HOBOTO HAOOPYy JaHWUX CXOKI HA eTajoHHWA. B Tabmwmii

3.2 HaBCIACHO PC3YJIbTATU CKCIICPUMCHTY.

Tabmu 3.2 — Pe3ynbraTtu eKCIEpUMEHTY

Oco0a BiporigHicTh CX0XO0CTi 3 €TAJIOHHUM
roJI0COM
JIronquna 1 0,0144
JIronuna 2 0,0154
JIronuua 3 0,0128
JIroquna 4 0,8711
JIronquua 5 0,0119
JIronuua 6 0,0116
JIroquua 7 0,0175
JIronuua 8 0,0149
JIronquua 9 0,0363
Jroquna 10 0,0122
JIronquua 11 0,0121
Jroquna 12 0,7454
Jroguna 13 0,0209
Jroguna 14 0,0344
Jlroquna 15 0,0437
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[IponoBxkenHs Tabnuili 3.2 — Pe3ynpTaTu €KCIIepUMEHTY

Oco0a BiporiiHicTh CX0KOCTI 3 €TAJIOHHUM
roJI0COM
Jlronquua 16 0,0183
Jlronquua 17 0,0123
Jlroquna 18 0,8428
Jlroquna 19 0,0134
JIronquua 20 0,0173
Jroquna 21 0,0223
Jroquna 22 0,0296
Jroguna 23 0,0236

B minomy, 3a BUKITIOYEHHSM 3pa3KiB 3amuciB miag Homepamu 4, 12, ta 18,
cucteMa imeHTudikaiii 3a TOJOCOM TIOKa3y€ BHCOKY TOYHICTh CIIpaI[fOBaHHS Ha
CXOXICTh (BIPOTAHICTh CXOKOCTI YY>KOT'O T0JIOCY 3 BUOIPKHU 3 €TaJOHHUM HE OLIbIIe
0,04). dns 3anuciB mig Homepamu 4, 12, ta 18 BHSABICHO, IO MOZAEIb HECHPOHHOI
Mepexi Mmokazajga XUOHUN pe3ysbTaT CTOCOBHO BIPOTIAHOCTI CXOXKOCTI 3 €TaJJOHHUM
rojiocoM. J{Jist mokpameHHs: MoJiel HeoOX1IHO 310paTu OLIbIy BUOIPKY HaBUAIbHUX

JTaHUX U1 HEHPOHHOT MepexKi.

3.2 Cucrema po3ni3HABAHHS MOBH

VY crarri [85] mpeacTaBiaeHO CUCTEMY PO3Mi3HABaHHS TOJIOCY, SKa 0a3yeThCs Ha
MTY4YHIA HEUPOHHIA Mepexi, 1mo oOpoOJse BXiMHUNA CUTHAN SK CTAaTUYHUN HaOIp
O3HaK, HE BPaxOBYIOUM MPU LIOMY HMOro 4acoBy CTpyKTypy. Takuil miaxia Moxe
OyTH e(pEeKTHUBHUM y BHUMNAAKY YITKHUX, CTAHJAPTU30BAHUX 3pa3KiB MOBJICHHS, aje B
peaTbHUX YMOBAaX, TOJIOCOBI CHUTHAJIM MalOTh Bapiallii B 1HTOHAIi Ta IIBHUIKOCTI
BUMOBHU. HaTomicTk, 3amponoHoBaHa MOJIelIb B AUCEpTAaIllliHIi poOOTi, 3aCHOBaHA Ha
pekypeHTHil HelipoHHiit Mmepexi (RNN), Ta 3a06e3neuye kpare BpaxyBaHHS 9aCOBHX

3B’SI3KIB Y MOBIICHHI, 1110 JTO3BOJISIE TOYHIIIE PO3MI3HABATU CJIOBA HABITh MPU 3MiHI
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TEMITy MOBJICHHS YM HE3HAYHMX KOJHMBAHHSIX y BUMOBI. lle 0coOnmBO BaiHBO,
OCKIJIbKM, BXIJIHUA CHUTHAJ € JUHAMIYHUM TMPOIECOM, a HE CTaTUYHUM HabOpoM
XapaKTEPUCTHK, 1 HOTO KOPEKTHE OOpPOOJICHHS BUMAarae 30€peKeHHSI KOHTEKCTY MiX
MOCJIIIOBHUMU aKyCTUYHUMH O3HaKaMu. 3aBISKH IbOMY, Tiaxia Ha ocHOBI RNN e
OUIBII THYYKUM 1 HAaIIHHUM, OCKUIBKH aJanTyeThCS 0 MPUPOIHUX OCOOIHBOCTEH
MOBJICHHsI Ta 3a0e3medye CTaOlIpHINII pPe3yJbTaTH pO3MiI3HABaHHSI B yMOBax
peanbHOTO BUKOPUCTAHHS.

[ToniOHa mpobiema criocTepiraeThCs 1 B MIAXO/1, 3alpPONOHOBAHOMY Y CTaTTi
[86], me BuKOpHCTOBYETBCs IMOOKa HelipoHHa Mepexa (DNN) 0e3 pexkypeHTHHX
KOMITOHEHTIB. OCHOBHUM METOJOM MOKPAIICHHS TOYHOCTI € aITOPUTM MOCTEPIOPHOI
WMOBIPHOCTI, SIKMI J103BOJISIE ONTUMI3YBATH BUXIJHI OLIIHKKA MOJEII, MIHIMI3YIOUU
nomMmwiku kiacudikaiii. OmHaK, MONPH IO ONTHUMI3AII0, BIJICYTHICTh MEXaHI3MY
aM’siITI Ta HEBpPaxyBaHHS IOCIIJOBHOCTI BXIJHOTO CUTHAy MOXE MPU3BECTH Y
MiJICYMKY 70 BTpaTH BaXJMBOi 1Hdopmarlii npu poboti 3 AoBrumMu (pazamu abo
3MiHaMH TeMOpy MoOBJIeHHS. L{e 3HOBY  Taku CBIJUUTH MPO TE, IO JIJIsI KOPEKTHOTO
pO3MI3HaBaHHS MOBJIEHHS KPUTHUYHO Ba)JIMBO 30€piratv 4acOBUN KOHTEKCT, IO €
KJIIOYOBOIO TEPEBArol0 peKypeHTHUX HEMPOHHUX Mepexk. 3aBAsKU IXHIA 3aTHOCTI
00poOysiT  mocniioBHl  JaHi, RNN 3HauHO edexkTuBHilIE aaanTyrOThCS [0
MPUPOJHUX 3MIH MOBIEHHS, 1[0 POOUTH IX KpalmuM BUOOpOM [Jisi 3aBllaHb
PO3Mi3HABaHHS TOJ0CY Y CKJIaIHUX aKyCTUYHHX YMOBaXx.

J7is CTBOpEHHSI CHCTEMH PO3ITI3HABAHHS MOBHUX CHUTHAJIIB BUKOPHCTAEMO Ty XK
camy CTPYKTypy HEHMPOHHOI MepeKi peKypeHTHOIro TUIy, sika Oyjia BU3HaueHa B 11.3.1
pobotu (moaaTok A). Ajie BIIMIHHICTb Oyje MOJISITaTH Y TOMY, 1110 JJaHA CUCTeMa Ta ii
HaBYaHHS 1 (YHKIIIOHYBaHHS Oyjle BUKOPUCTAHO JJIs 3a7adi po3Mi3HaBaHHS MOBHHUX
CUTHAJIB, Kl BUTOJIOLIYIOTHCS 32 PI3HUX YMOB 1 PI3HUMU MOBAaMHU — YKPaAiHCHKOIO Ta
aHricbkor0. KpiM 1iboro, 0y1yTh BUKOPUCTOBYBATUCH Pi3H1 ONTUMI3aTOPH, a TAKOX
Oyne mepeBipeHa e()EKTUBHICTh CHUCTEMH, KOJHM KUIbKICTh MPHXOBAHUX IIapiB B

apXiTeKTypl HEHPOHHOT MEPEXK1 MOXKE 3MIHIOBATHCH.
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3.2.1 HaB4yaHHsI cMCTEMH PO3Mi3HABAHHS MOBH

[Ipyn HaBuaHHI HEHPOHHOI MEpeXi, Ka € OCHOBOIO CHCTEMHU pO3IMi3HABAaHHS
MOBH, JUIsI peryispusaiii BHUKOPHCTOBYETHhCS TEXHIKA JApOINAyTy, 1 KIUIBKICTh
BIIKJTFOYCHHX IS OHOBJICHHS Bar HeWpoHiB ckianae 30%. Tpu mOBHO3B'SI3HUX IIapH
BUKOPHCTOBYIOTh (PyHKINIO akTHBarii relu srigao ¢opmynu (1.2), a ocraHHii map
BUKOPHCTOBYE (DYHKIIIIO akTHBaIlii Softmax srigxo dhopmynu (1.4).

Jlani A7 HaBUaHHS TPEACTaBIEHI y BUTIAIAL ayaiodailiiB 3 TPUBATICTIO 2
CEKYH/IM KOXXEH. AyI10CUTHAIN 3aBaHTAXKYIOThCS 1 KOHBEPTYIOThCS Y HAa0lp O3HAK 3a
goromororo koedimientie. MFCC. Hapuanpai nmani mpexacraBieHi y dopmari
ayniogaiiiiB 3 yactoToro auckperu3saiii 22050 ', sxi MicTSTh 3anucu rojocy. s
oOpaxynky MEL-kencrpasibHuX KOE(III€EHTIB BUKOPUCTOBYBAJIUCH TakKi caMi
napameTpu sk 1 B m.3.1.1.

JIist HaBYaHHA HEWPOHHOI MEpeXi BUKOPUCTOBYETHCS (PYHKIlS BTpaT
KaTeropiajabHa KpoceHTpoItis (4).

[Ipu naBuanH1 cucreMu 90% TpeHyBaJIbHOTO HA0OPY JaHUX WMIILJIO HA HABYAHHS,
a 10% na nepeBipky poootwn. J{ji1 HaB4aHHS cucTeMu c(hOpMOBaHO 3 HAOOPHU JTAHUX:

1. Cxnanmaerbes 31 ciiB “oquu”, “nBa” Ta “Tpu’” aHrmicekor mo 10 3amuciB Ha
KOXEH.

2. Ckiamaerbces 31 CiniB “IMEHHHK”, “miecnoBo”, “npukMeTHUK” mo 10 3amuciB Ha
KOXEH.

3. CkmamaeTbcss 3 3amuciB CIiB  “IMEHHHMK’, ‘“NmI€CIOBO”, “IPHUKMETHUK 3
JOTaHUMH 3alliCaMy JI¢ CJIOBa BHMOBIISUIMCH IIBHIIIE, TOBIIBHINIE Ta 3
aKIIEHTOM 10 16 3amuciB Ha KOXKHE CJIO0BO.

[Tepmmit HaOip JaHUX BUKOPUCTOBYBABCS JIJII HABYAHHS CHCTEMH PO3Ii3HABATH
aHTJIACHKI CJIOBa, JAPYTUM 1 TpeTii BUKOPUCTOBYBABCS JUIsi HAaBYAHHS CHUCTEMHU
pO3Mi3HaBaTH caMe YKpPaiHChKI CJIOBA.

3 aynmiodaiiny BigOyBaeTbcsi OOUYMCICHHS MEJN-KEICTPaIbHUX KOE(IIEHTIB

aQHAJIOTIYHO TOMY SIK II€ POOMJIOCH ISl HaBYaHHSA. Me-KencTpalibHl KoeilieHTH
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MOJA0ThCS Ha BX1J HEHpOHHOI Mepexi. Ha Buxoni cucrema po3mnizHaBaHHS BU3Ha4Yae

SIK€ CJIOBO OYJI0 CKa3aHe B CEMILTI.

3.2.1 llpakTHYHA NepeBipKa CHCTEeMH PO3Mi3HABAHHS MOBH

s excriepuMeHTy OyJO HaBYEHO TEBHY KUIBKICTh HEHPOHHUX MEPEX.
HeiiponHni mepexi sKI HaBYAJIUMCh MalM Pi3HY KUIBKICTh TNPUXOBAHMX IIApIB, 1
BUKOPHCTOBYBAJIM MPH HaBUYaHHI pi3H1 onTuMizaTtopu (adam, sgd, adagrad), Takox
BUKOPUCTOBYBAJIMCH PI3HU HAOOpHU JaHUX MTPU HABYAHHI.

JIJisi HaBYaHHS CHCTEMH PO3Ii3HABATH AHTIIIMCHKI CJIOBa BUKOPUCTOBYBABCS |
HaOlp 1aHUX, a IS PO3MI3HABAHHS YKPATHCHKUX CJIIB BUKOPUCTOBYBaBCA 2 Ta 3 HAOIp
naHux. Jjis OUIBII TOYHOTO TOPIBHSHHS €KCIIEPUMEHTH CTABWJIHCH MPHU OJHAKOBIM
MOYATKOBIM 1HIMIami3alii BariB. TakoXX CTaBWIUCh EKCIIEPUMEHTH 1 TMpU Pi3HIN
MOYaTKOBIM 1HIimiami3aiii BariB. Baru MoxyTh iHIIIAMI3yBaTUCh Tak, IO Biapasy
OMUHSATHCS B JOKATHHOMY MIHIMYMI IO MOXE YCKJIQJHUTH POOOTY ONTUMI3ATOPY, a B
IHOIOMY  €KCIIEpUMEHTI  HaBIIAKU cuTyamiss 3 OuIbII

oyne CIPUSTINBOIO

HILIam3aniero. s Ko)KHOro eKCIEpUMEHTY KUIBKICTh €MoX Il HaBYaHHSA oOpaHa
Ha piBai 10000.

B tabmumi 3.3 HaBemeHO pe3ynbTaTh HAaBYaHHS CHUCTEM [UJIS PO3Mi3HABAHHS
aHTIIHCHKUX cIiB. [ Iboro BUKOPUCTOBYBaBCs 1 HaOIp AaHUX.

Tabmumg 3.3 — Pe3ynpraty HaBUYaHHS CHUCTEM JUIS PO3MI3HABAHHS aHTIHCHKUX

CJiB
Kimpkicts | [Himiamizamis Onrumizatop| Enoxa (uuki), | 3HaueHHS Tounicts Ha | 3HaYeHHS Tounicts
MIPUXOBaHUX BariB Ha SIKiit ¢byHKIii HaBYAJIbHOMY |  (yHKIIi Ha
mapis JIOCATANIOCh BTpAT Ha Ha0Opi JaHWX | BTpAT Ha TECTOBOMY
MiHIMalbHE HAaBYAIBHOMY TECTOBOMY Habopi
3HaueHHs Habopi maHuXx (Bamimamina aHUX
(dyHKIIIT BTpaT omy)
Habopi
JTaHUX
7 Bumnaakosa adam 25 0.0324 100% 0.0606 100%
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[Tponorxenus Tabnuil 3.3 — Pe3ynbrat HaBYaHHS CUCTEM JIJIsl pO3Mi3HABaHHS

AHTJIIHCHKUAX CJIIB

Kimpkicts | Inimiamizamis (Onrtumizatop| Enoxa (umki), | 3HaueHHS Tounicts Ha | 3HaueHHS TouHicTs
MIPUXOBAaHUX Baris Ha sIKil ¢GyHKuil HaByaJibHOMY |  pyHKii Ha
mapiB JIOCATANIOCh BTpAaT Ha Ha0oOpi JaHWX | BTpaT Ha TECTOBOMY
MiHIMalbHE HaBYAILHOMY TECTOBOMY Habopi
3Ha4YeHHS Habopi JaHux (Bamimamina IaHUX
¢yHKLIi BTpaT oMy)
Habopi
JaHUX
7 He adam 5145 3.53-10® 100% 0.002 100%
BUIIaJIKOBA
7 Bunanxosa sgd 9994 1.52:10* 100% 0.0656 100%
7 He sgd 9970 1.56-10* 100% 0.0311 100%
BUIIaJIKOBA
7 Bumankosa | Adagrad 9998 0.0015 100% 0.0672 100%
7 He Adagrad 9994 0.0012 100% 0.0444 100%
BUITAIKOBa

OTpuMani  pe3ylbTaTH TEPEBIPKM HABUYAHHS CHUCTEMHM  PO3IMi3HABAHHS
aHTIChKOT MOBH 3 TabiuIll 3.3 cBigYaTh Mpo Te, [0 caMa HEeWpOHHA Mepexa 3 7
NPUXOBAaHUMHM IIApaMH, JUIS SIKOT MPU HABYAHHI BUKOPUCTAHO PI3HI ONTUMIZAININAHI
MOJICITi, JEMOHCTPYE BHUCOKY TOYHICTH, ajie MPHU I[bOMY BHUKOPHCTOBYETHCS pi3HA
KUIBKICTh €MOX JUIsi OTPUMaHHS MIHIMAQJIBHOTO 3HA4YeHHS (YHKIII BTpaT, MO €
MOKA3HUKOM TOTO, 110 Mepeka HaB4yaHa. Tak, mpu MepeBipili Ha OCHOBI TECTOBOTO
Habopy JaHUX, MIHIMaJbHE 3HAYEHHA (YHKUII BTpAT IJIS PI3HUX ONTUMIZALIITHUX
MoJieIeli JopiBHIOE HE Oumbmie moporoBoro 3HaueHHs 0,067. Take 3HaueHHS
HiATBEP/DKYE, IO HEHpOHHA Mepeka sSKICHO HaBYaHa Ha OCHOBI JaHUX 3 HaOOpy
aHTIiChKUX ciiB. [Ipyn HaBUaHHI KpaluM ONMTHUMI3aTOPOM Cepell TPhOX OOpaHuX 3a
KpUTEpIEM IMIBUAKOMII Ta MIHIMAJIbHUM 3HAYC€HHAM (YHKIT BTpaT, BHUSIBUBCS
ontumizarop adam. Jlam nepeBipuMo, sIKk HEMpOHHA Mepeka HAaBYAETHCS, KOJIU HAOIp
HaBUYAJbHUX JIAHUX CKJIAJAETHCS 3 YKPATHCHKHUX CIIIB.

B Tabmumi 3.4 HaBeneHO pe3ysibTaTH HAaBYAHHS CHUCTEM Uil PO3Mi3HABAHHS

yKpaiHCbkuX ciiB. CHCTEeMH 3 TphOMa PI3HUMH BUAAMH apXITEKTYp 3a KUIBKICTIO
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IIPUXOBAHUX IIapIB HABYAIKUCH HA JAPYroMy HaOOpi JaHUX. 3 aHAJI3y JaHUX TaOJIHII
3.4 BuIIMBAE, 110 MPU HABYAHHI KUIBKICTh NMPUXOBAHUX IIApPiB, X 30UIBIICHHS a0o0
3MEHIIEHHS HE CYTTEBO BIUIMBAE Ha aOCONIIOTHE MiHIMalbHE 3HAYCHHS (QYHKIIT
BTpaT. AJie MpU bOMY, IPH JOCITHEHHI MIHIMAJIBHOTO 3HA4YeHHs (PYHKIIIi BTpaT 3a
YMOBH 30UIbIIEHHS PUXOBAHUX MIAPIB 301IBUTYETHCS 1 KUIBKICTh IUKIIB, KPi3b SKi
Mepexa MPOXOJUTh NMPU HaBYaHHI Ha OOpaHOMY HaOOpi JaHUX. SIKIIO MOPIBHATH
e(EeKTHBHICTh HaBYaHHS MEPEX1 y BUINAJKY 7 MPUXOBaHUX IMIapiB (JaHi Tabmumi 3.3
Ta 3.4) mpu BUMAIKOBIN iHIiNiai3alii BariB 1 OTHOMY 1 TOMY CaMOMY OITHMI3aTOpi
adam, To Kpailll pe3yJbTaTH HaBYaHHS, 33 IPAKTUYHO OJJHAKOBOI KUIBKOCTI €M0X, IPU
JOCSITHEHHI MIHIMAQJIBHOTO 3HAa4eHHS (PYyHKIIT BTpaT, Mepexa IOKa3ye came IpH
BUKOPUCTaHHI YKpaiHChbKUX C1B. B qaHoMy Bunmazaky 1e 3HaueHHsa gopiBHioe 0,0060,

TOJ1 SIK JJI aHTJIMChKOTO HA0Opy JTaHuX, 3HaueHHs QyHKIII1 nopiBHIoE Bxe 0,0324.

Tabnuus 3.4 — Pe3yabTaTi HAaBYaHHS CUCTEM JIJIS PO3MTi3HABAHHS YKPATHCHKHUX

CIIIB
Kimpkicts | Inimiamizamis | Ontumizatop | Emoxa na 3HaueHHA TouHICTB 3HaueHHs TouHicTh
IIPUXOBAaHUX Baris SKIN byHKIiT Ha ¢byHkuit Ha
mIapiB JOCATANIOCh BTpar Ha HaBYaIBEHO BTpar Ha TECTOBOMY
MiHIMallbHE | HaBYaIBHO My HaOopi | TecToBOMY Habopi
3HAYCHHS My Habopi JAHUX Habopi JTAHIX
JaHUX JaHUX
7 Bunankosa adam 29 0.0066 100% 0.0695 100%
7 He adam 35 6.2:10* 100% 0.061 100%
BHUIIaJIKOBA
7 Bunakosa sgd 9981 1.59-10* 100% 0.2472 100%
7 He sgd 9811 1.62:10* 100% 0.0049 100%
BHUIIJIKOBA
7 Bunankosa Adagrad 9976 0.0013 100% 0.0248 100%
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[Tponorxxenus Tabnuil 3.4 — Pe3ynpraT HaBYaHHS CUCTEM JJIs PO3Ii3HABAHHS

YKpaTHChKUX CJIiB

Kimpkicts | Inimiamizamis | Ontumizatop | Emoxa Ha 3HayeHHSA TouHicTh 3HauyeHHS TouHicTs
MIPUXOBAaHUX Baris SIKIH byHKIiT Ha ¢byHKuil Ha
mapiB JOCATANIOCh BTparT Ha HaBYaJIBEHO BTpar Ha TECTOBOMY
MiHIMallbHE | HaBYAJIBHO My Habopi | TecToBOMY Habopi
3HAYCHHS My Habopi JaHUX Habopi JTAHIX
JaHUX JaHUX

7 He Adagrad 9974 0.0013 100% 0.0191 100%
BHUIIaJIKOBA

9 He adam 52 1.22:10° 100% 1.6-10° 100%
BUIIaJIKOBA

9 He sgd 9960 1.14-10° 100% 0.0277 100%
BUIIaJIKOBA

5 He adam 4016 1.32:107 100% 8.33-10* 100%
BUITA/IKOBa

5 He sgd 9750 1.69-10* 100% 0.0024 100%
BUITA/IKOBa

JIiist HelipoHHO1 Mepexi 3 9 mapamMu Ta 0OpaHUM ONTUMI3aTOpoM adam BJIaJIOCh
3HAUTH HaWKpaile 3a MIHIMyMOM 3Ha4eHHS (PYHKIi BTpaT Ha TECTOBOMY HabOpi
JaHUX, 1 TAKOXK IS LIbOTO MPUKIAAY Pi3HULS (PYHKI[T BTpAT JUisl TECTOBOTO HAbOpy
JaHUX Ta IJis TPEHYBaJIbHOTO HAOOpy € HaiiMeHmow. Takox ontumizatop adam 3a
JTaHUMH Tabymi 3.4, IBUJIIIE 3HAXOIUTh ONITUMAaJIbHE PIIICHHS HIK 1HII 00paHi ABa
ONTUMI3aTOPH.

JlolaTKOBO TMPOBEJEHO EKCIIEPUMEHT, Je¢ OyJo J0/IaHO HOBI ayio3allvicy B
SIKWX, CJIOBA BUMOBJISUTUCH IIBU/IIIE, MIOBUIBHIIIE 1 3 aKIIEHTOM (2 HaBYaJIBHUI HAOIp
3 yKpaiHChkuXx ciiB). Ilpu 1mpomy Ha erarmi HaBYaHHS 1[I BHUJO3MIHEH1 3alKCH HE
BUKOPUCTOBYBAJINCh, 100 Mepeka He 3Morga O ajanTyBaTuch JO HUX.
ExcrieppuMeHTH 3 J0MaTKOBHUMH ayjaio3amucaMy TPOBEJACHO HE 3 BHITAJIKOBOIO
[I0YATKOBOIO 1HIIIATI3AI[I€I0 Baris.

B Ttabmumi 3.5 mpeactaBieHO pe3ynbTaTH pOOOTH HABYAHHUX CHUCTEM IS
pO3Mi3HAaBaHHS YKPAiHCHKUX CJIB, SKI HAaBYAINCh HAa 2 HaOOpl JaHUX, 1 SIKI HE

MICTHJIM CEMIUIH 3 BUI03MIHEHOIO BUMOBOIO YKPaiHChKHX CIIB.
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Tabmumg 3.5 — PesynpTatu HaB4aHHS Mepei 0€3 BUKOPUCTAHHS CEMILTIB 3

BUJI03MIHEHO BUMOBOIO YKPAiHCHKHUX CIIiB

KinbKkicTh MpUXOBaHUX Onrumizarop 3HaueHHs QYHKIIT BTpaT Tounicte
mrapis
5 adam 2.45 7%
7 adam 1.15 81%
9 adam 2.81 2%

3 nanux Tabmuii 3.5. BUXOAUTH, IO BC1 HEHPOHHI Mepexi 3 Pi3HOIO KUIBKICTIO

MIPUXOBAHMX ILIAPIB, HE 3MOIJIA 3 MAKCUMAJIbHOK TOYHICTIO PO3IMI3HATH HOBI CEMIUIH

3 BI/II[OBMiHCHOI-O BHUMOBOIO.

B Tabmumi 3.6 HaBemeHO pe3yiabTaTH HAaBUAHHS CHCTEM IS PO3IMi3HABAHHS

YKpaTHChKHUX CJIIB, Kl HaBYAJIUCh Ha 3 HaOopi JaHMX, 1 el Habip MICTUThH 3pa3Ku

CEMIUIIB 3 BHUIO3MIHEHOKD BHMOBOIO CJIIB.

[Ipn oMy,

IpyU HaBYaHHI OyB

BUKOPUCTAHUW JIMILIE OJUH oOnTuMi3aTop adam, SKUIl BUSBUBCS HaWKpallUM Y

HOHCpeI[HiX CTallax CKCIICPUMCHTY.

Tabmuus 3.6 — Pe3ynbrati HaBUYaHHS CHCTEM I PO3MI3HABAHHS YKPAiHCHKUX

CITIB
Kinbkicts | Perynsipuszauis | Ontumizatop |  Emoxa Ha 3Ha4YeHHA Tounicts Ha | 3HauyenHs | TouHicTh
IIPUXOBAaHUX SKIN GbyHKuit HaBYaJbHOMY | (QyHKIIT Ha
mIapiB J0CATANOCHh BTpar Ha Habopi BTpaT Ha | TECTOBOMY
MiHIMabHE | HaBYAIHBHOMY JTAHIX TECTOBOMY Ha60Di
3HAYCHHS Habopi Habopi JAHUX
JaHUX JaHUX

5 Hi adam 6 0.198 100% 0.7525 80%

5 Tak adam 6 0.028 100% 0.0274 100%

7 Hi adam 15 0.0079 100% 0.0607 100%

9 Hi adam 7 0.439 100% 0.8849 60%

9 Tak adam 5892 0.0083 100% 0.0073 100%

[Ipu nesxkux excrepuMeHTax HEWpPOHHA Mepeka He 3MOTJia pO3IMi3HaTH BCi

cJioBa B TecToBOMY Habopi ganux. Lle ctanocs uepes dikcariro Gpakty nepeHaBIaHHS,

TOOTO Mepeka 3aBuniia JaHi, Kl IpU3HayYeH1 Uil HaBYaHHS 1 He 3Morja chopMyBaTH
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3arajibHi MaTepHHU, MO SKUM 3MOrJia O PO3Mi3HATH CJIOBA B CEMIUIAX MPU3HAYEHUX IS
tecty. [l mpoTU il mepeHaBuaHHIo OyJia 101aHa pU eKCIIEPUMEHTI PETryJIsipru3altis.

3 pganmx Tabmumi 3.6 MOXKHA BIAMITHUTH, IO HEWpOHHa Mepexa 3 9
NPUXOBAaHUMH IApaMU Ta BKIIIOYEHOIO PETYJISpH3AIli€lo, 3MOIJla 3HaWTH HalKparie
3HaueHHs (PyHKII{ BTpaT Ha TECTOBOMY HaOOpi JaHMX, 1 TAKOXK AJIS IIbOTO MPUKIIATY
pizHuns ¢yHKUii BTpaT AN TECTOBOrO HAOOpY NaHUX Ta Uil TPEHYBAJIbHOTO

BUSIBUJIACh HAMMEHIIIOKO.

3.3 CucremMa nokpauieHHs1 po30ipJ1uBoCTI MOBH

Jlam po3riasHeMO Ta BJacHE NEPEBIPUMO MOKIMBOCTI PO3pOOJIEHOI HEMPOHHOI
MepexXi, TEOPETUYHUI OMHC SKOi HaBeAEHO y 1.2.2.2 poOOTH, a MPOrpaMHHUA KOA
peaizalis 1€l CUCTEMH 3 3aCTOCYBaHHAM HEHPOHHOI MEPEKI PO3MIIICHO Y TOAATKY
b poGotu. Ilpy 1bOMYy OCHOBHOIO 33J1ay€l0 PO3POOJIEHOI APXITEKTYpH HEWPOHHOI
Mepexi Oyzae skpas peainizallii gepeBepoeparii ayaio curaaiiB. ToOTo, 3a ymoBaMu
IPAKTUYHOTO EKCIIEPUMEHTY B3ATO IMOOYJIOBaHI IMIYJIbCHI XapaKTEPUCTHKU JBOX
HaBuaJgbHUX Jsaboparopiii 209 Ta 438 12 koprycy QakyJabTeTy eJIEeKTPOHIKH.
Metoarka OTpUMaHHS IUX XapaKTEPUCTUKHU ONMUcaHo B poboTi [87]. 3a3Hauumo, 1110
B SIKOCTI TECTOBOT'O CHUTHay oOpaHo 16 3amucaHuX MOCII0BHUX CIUIECKIB (TE€CTOBUI
curHan mls 3 gactoToro auckperusanii 44,1 kl'm), ki peTpaHCIIOBAINCH udepes
akTuBHY aKkycTtuuHy cuctemy Genius SP-HF 2.0 (mxepeno curnany), a npuiiMadyaMu
CUTHAJIy B LMX HABYAJIBHUX ayAUTOPIAX OOpaHO BUMIPIOBAIbHI KOHIEHCATOPHI
Mmikpodoru Superlux ECM-999 (20 I'm - 20 k[, nmunamiuamii maiamazon 106 nb,
curHal-ioym 70 ab) ski y cBOIO uepry Oyiau NIAKIIOYEHI 0 3BYKOBOI KapTu
Steinberg UR242.

Kpim 1por0, 3a3Haunmo, mo cam MikpodoH B ayautopii 209 po3mimieHo Ha
BiJICTaHl 7 M Bij JpKepena, ToAl K B ayautopii 438 1 BIJACTaHb JOPIBHIOE 5 M.
O6’em aymuropii 209 ckmagae 270 w3, aymuropii 438 — 170 m3. Ilpm 3ammci
IMITYJIbCHOI XapaKTEPUCTUKU TPUMIIIEHHS cami ayauTopii OyJauM HE 3alOBHEHO

CTyJICHTaMHU.
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Cama npouenypa JepeBepedepalili 3aIMcaHUX CUTHAIIB HoJisAraja y TOMY, ILIO
HEHPOHHY MEpEXy MONEepeAHbO HEOOXITHO HABUMTH, Jajll  JJs MOJEIIOBAHHSA
peBepOeparlii Ha MOBHOMY CHTHaJi BUKOPHUCTOBYETHCS IMITyJIbCHA XapaKTEPUCTHKA
aymutopii [87]. Ilicnsg yoro iMIyJbCHAa XapaKTEPHCTHKA KIMHATH 00'€IHYETHCS 3
CEMIUIOM HUIAXOM 3TOPTKHM 100 OTpUMAaTh peBepOOBaHUM curHai. | el curaan Bxe
HOJJAETHCS HAa BX1Jl HEHPOHHOI MEpEXi, CTPYKTypHa CXeMa SIKOi OKa3aHa Ha PUCYHKY
2.4. Cnij 3a3Ha4YUTH, 110 3ropTKa HAKJIAAA€ThCs MCis 1.5 ¢, HaBITh SKIIO TPUBAIICTh
IMITyJTBCHOT XapaKTEepPUCTUKH CTaHOBUTH 1.5 ¢, yepe3 edekT “xBocTa” IMITYyJIbCHOT
XapaKTepUCTUKU. | HaBITh, SIKIIIO OCHOBHUM CUTHaJ] MMOYMHAETHCS Juuie micis 1.5 ¢,
3rOpTKa BPaxoBY€, IO IMITYyJIbCHA XapaKTEPUCTHKA HAKIAJA€ThCS HAa BCI TOUKH
CUTHAJTy, BKJIIOYAOUH T1, 0 3HAXOAATHCS BIPOJIOBXK 1i ""XBOcTa".

JloilaTkoBO, ISl MEPEBIPKM MOKJIMBOCTEH CTBOPEHOI HEMPOHHOI Mepexi OyB
MIPOBEICHUIM EKCIIEPUMEHT 3 3aluCy CHUTHaldy B MOOYTOBIM KIMHATI, IJIaH SKOi
MIOKa3aHO HA PUCYHKY 3.2.

BpaxoBytoun, 1110 OTpUMaHHS IMIIYJIbCHOI XapaKTEPUCTHUKU HaBYaJIbHHUX
ayJIUTOPii Ta KIMHATU IPOXOIMIIO 32 YMOBH BIICYTHOCTI HEHPOHHOIT MEPEX1, TO cCamy
HEWPOHHY MEPEXKY Iepe MepeBIpKOI0 HEOOX1JHO HABYMTH, 1 HaBYAIbHI JTaH1 MalOTh
OyTu migiOpaHo 3a YMOBH, 110 peBepOepaliitHiil eheKT Mpu OTpUMaHHI IMITY IbCHUX
XapaKTEPUCTHK CKOpIII 3a Bce Oyle pi3HUM, BPAaXOBYIOUM PO3MIPH ayAUTOpId Ta
KIMHATH, Ta BIAMOBIAHY aKyCTHYHY IIATOTOBKY ITUX NPHUMIIIEHb, a TOYHIIIE Ti

B1JICYTHICTb.
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IInan xkiMHaTH

2.8 M

i“ JleTanpHuil m1aH
o pobouoro Micrs
3ByKOBa kapTa [«
I[bxepeno
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N
=
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a) 0)

Pucynok 3.2 — Ilnan kimHaTu (a) Ta cxema ¢ikcaliii MOBHOTO curHainy (0)

3.3.1 ETan HaBYAHHSA HeHPOHHOI MepesKi /151 CHCTeMHU MOKPAIleHHS

po30ipaMBOCTI MOBH

JIsist HaBYaHHSI HEUPOHHOI MepeKl OyJId BUKOPUCTaH1 HAOOPHU 3BYKOBUX JaHUX 3
Edinburgh Datashare (myOmiuHe eJleKTpOHHE CXOBHIINEC JaHUX Y HIBEPCUTETY
EnunOypra). B sKkocTi JaHMX Ha SKMX Mepeka HaBuamacs jaepeBepoOariil
BUKOPHUCTOBYBaBCA J1aTtaceT [88], a B IKOCTI MEPEBIPOYHUX JAHUX BUKOPUCTOBYBABCS
naraceT [84]. JlicTuHr mporpaMu po3po0JICHOT CHCTEMH MOKPAIIEHHS PO30ipIMBOCTI
MOBH 3 BUKOPUCTAHHSIM HEMPOHHOI MEPEKi HaBeJIEHO y 1oaaTky b po6oTu.

HaGopu nanux Oyno po3poOJieHO Jisi HaBYaHHSA Ta TECTYBaHHS METO/IIB
MOKpAIIeHHS MOBH, SIKi MpaitoroTh Ha 9acTtoTi 44,1 kI, KinbkicTh ceMIutiB B 000X
natacetax Haniuye O0ubine 10000 ayaio pi3HOT TPUBAIOCTI.

Jna HaBuanHst Oyno B3aro mepmri 10000 cemrutiB 3 KoKHOTo aaracery. s

301IbIIICHHS BapiaTMBHOCTI JepeBepOallii B HaBuaibHOMY Habopi manux [88] Oyna
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3pobiieHa ayrMmeHTaris gaHux. Lls mpoueaypa BUKOPUCTOBYEThCS IJis 301IbIIEHHS
KUIBKOCT1 TPEHYBaJbHUX JAHUX Ta MOKPAIICHHS 31aTHOCTI MOJENI A0 y3arajlbHEHHS,
IUIIXOM BBEJCHHS BapiaTUBHOCTI B TpeHyBajbHI 3pa3ku. Halip manux Oymo
30u1bIIeHo Ha 1572 cemruta. J{nsa mporo Oyino B3ato 1572 cemiuia 3 mepeBipOYHOTO
Ha0opy MaHMX 1 HAKJIaJeHa Ha HUX peBepOepatis.

PeBepOeparniss  gojgaBanach  BUIMAAKOBMM ~ YHHOM 3 HACTYNHHUMH

XapaKTEePUCTUKAMMU:
® Yac 3aTPUMKH MK OpPUTIHAJIBHMM CHUTHAJIOM Ta IOYaTKOM peBepoOeparllii B
miamaszoni 0.15 - 0.25 c;
® IBUIKICTH 3aTaymiieHHs Ha 60 nb B miama3oni 0.2 - 0.5 ¢
® CIIBBIJHOIIEHHS MDK "MOkpum" (00poGienum) Ta "cyxum" (HEOOpOoOIECHUM)
curgasiom B Mexax 0.3 - 0.45.

BianoBigHo 10 po3MipiB BXIAHUX O3HAK JJII MEPEXk1, CEMIUIN PO30HMBAIOTHCS HA
¢parmentu TpuBaiictio 20,7 mc 3 nepekpuTTsM 50%.

BpaxoBytouu, 1110 HasIBHICTh 3aHAATO BEIMKOI KIJTBKOCTI O€3MOBHUX CEIMEHTIB
MO)K€ HETAaTUBHO BIUIMHYTH HA HABYaHHS HEWPOHHOI Mepexi, TO Oyiau BUIAJICHI
0€3MOBHI CErMEHTH, 100 BHUKJIIOYUTH iX 3 HaByaHHS Mepexi. KoxeH ¢parmeHt
aHATI3YEThCS HA HASBHICTH MIJITHOK 3 HU3BKOIO €Hepriero. SKio Tuima 3aiimae
outbme HiK 50% TpUBaANOCTI CerMeHTa, IIel CEerMeHT BIJKUIAETHCA 1 HE
BUKOPHUCTOBYETHCS Y TTOATBIIOMY JTsI HABYAHHS.

Ham Oyyno 0oOYMCIEHO CHEKTPalibHI O3HAKK 3a JOTIOMOTOK) KOPOTKOYaCHOTO
neperBopennst @yp’e STFT. B mpoiieci nonepeHboi 00pOOKH TaHUX CIEKTpaibHI
O3HaKM (KOoe(IieHTH, SIKI OTPUMAaHI 3 KOPOTKOYACHOTO MEPETBOPEHHS) 3a3HAIOTh
HACTyIHUX MEPETBOPCHD:

e JorapudMidyHe MPEACTABICHHS aMILUTITYAN (HATypaJIbHUMA JToTapudm);
e HOpMaJi3allisg JaHuX B Jiama3oHi -1 Ta 1;
® T[EPETBOPEHHS 70 4-BUMIpHOTO (hopMaTy (BEKTOp O3HAK).

J1yist HaB4aHHS HEMPOHHOT MEpEeKi OyJIM BUKOPUCTaHI HACTYIHI apaMeTpu:

e omruMizaimiiina wmozens Adam (METOI CTOXaCTHMYHOTO TIPami€HTHOTO

CITYCKY);
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e TI0YATKOBA IIBHIKICTh HaBUaHHsA 8-107%;

® KUIBKICTB €MOX JjIsl HaBYaHHS AopiBHIOE 50;

e 3MeHIIeHHS mBUAKOCTI HaBYaHHA Ha 0.1 3a koxHi 15 enox;

e (yHKIis BTpaT Mpu HaBYAHHI — cepeAHbOKBaapaTHuHa nommika (MSE),
TOYHIIIIE CepeliHe 3HAYEHHS BCIX KBaJ[paTiB MTOMUJIOK
(cepenHBOKBaAPAaTUUHE aAOCOJIIOTHA PI3HHUISI MDK Tmepenadady BaJbHUMU
(mporHo30BaHUMHM) Ta (PAKTUIYHUMHU 3HAYCHHSIMU).

Hapuanus npoBoauinock 3 Bukopuctanusam CPU 1 tpuBano 206 XBUIUH.
BximHuMu JaHuUMU U9 TIONIEPEIHbO HABYEHOI HEMPOHHOI MEpexi € CIEeKTpalibHI
O3HaKM SKi 0OpPaxOBYIOTHCS 3a JIOIIOMOTOI0 KOPOTKOYAacHOTO mepeTrBopeHHs Dyp'e
(STFT) peBepOepartiiinoro aymio. Ilim dac BUKOpPHCTaHHS CHUCTEMH ITOKpAIICHHS
PO30IpIMBOCTI MOBH BX1JIHI JaH1 p0o30MBaIOTHCS HA CETMEHTH Ta 0OPaXOBYIOThCS X
CHEKTpajJbHi O3HAKM HA OCHOBI BHMKOPHUCTAHHA HeHpOHHOI Mepexi. IX crmig
oNepeIHL0 O0OpOOMTH TaKUM CaMHM YHHOM SK omucaHo B myHkTi 3.1. Jlami
o0paxoBaHi 3HAYE€HHsI Ha BUXO/I1 IepeTBOPeHHsI Dyp’e MepeBOIATh Yy JOrapuPpMIdHy
dopmy 3 HOpMamizali€r 1 NOJAIOThCSI HA HEHPOHHY MeEpexy s
nepesepOartii. Mepexa MIPOTHO3YE jgorapuMiuHy BEITUYNHY STFT
nepeBepOOBAHOIO BX1THOTO CUTHAITY.

[lepm  HiX  3acTocoByBaTH  (PYHKIIIO  3BOPOTHOTO  KOPOTKOYACHOTO
neperBopennst ®yp'e (ISTFT), cnig momepeaHbo OOpOoOUTH CHEKTpaibHI O3HAKU
HACTYITHUM YUHOM:

® [IEPETBOPEHHS /10 3-BUMIpPHOro opmary;

e JICHOpMAJIi3allis JIaHHX;

® CGKCIOHEHINIAIIbHE MacCIITa0yBaHHS;

e 00’eqHaHHS BCiX ()parMeHTIB,;

Ham 3actocoByetbest ¢yHkiist ISTFT nnst BimHOBIIGHHS AepeBepOepariiitHoro
MOBHOTO CHUTHaJy B 4YacoBiil 00J1acTi, BUKOPHUCTOBYIOUM IPOTHO30BAHI 3HAYEHHS

CHEKTpaJIbHUX O3HAK Ta (azy peBepOepaniiHOro MOBHOTO CUTHAITY.
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3.3.2 BuxiaHi 1aHi 10 eKCIepUMEHTY

Jlis  TecTyBaHHA HEHPOHHOI MeEpeXi 3amuCyBajlCh TECTOBI  CEMILTU
mikpodonom USB BOYA BY-MI100UA Ha Biactani 150 cm Big mgkepena CUTHAIY.
MikpodoH Mae HACTYIHI XapaKTePUCTUKU:

e pobOounii yactotHuit aianazon 50 I'u-18 kI';
e yactoTta auckperusarii 44,1 k[ m;

e yyTnuBicTh -36 1b;

e curHai/mym: 78 ab.

JUiss MopentoBaHHA peBepOalii Ha MOBHOMY CHUTHAaJII BHKOPUCTOBYETHCS
IMITyJIbCHa XapakTepuCcTHKa mpumitieHHs (ayautopii 209, 438 ta moOyToBa KiMHATa
3 puc.3.2). ImnynbcHa XapakTEpUCTUKA KIMHATH OO'€THYETHCSA 3 CEMIUIOM MLISIXOM

3rOpTKH 00 OTpUMATH peBepOEpOBAHUI CUTHAIL.

3.3.3 ExcnepumenTajibHa nepeBipka 1 (209 HapuajibHa ayquTopist)

BpaxoByroun anroput™m, skuii omucaHo B 11.3.3 poOoTH Ui TEpEBIpKH
HEHPOHHOI MEPEXI1 Ta B IIJIOMY CHCTEMH MOKpAIIEHHS PO30ipJIMBOCTI HA PUCYHKY 3.3
HAaBEJICHO IMITYJIbCHY XapakTepucTuky 209 HaBYalbHOI J1abopartopii, IKy OTPUMAHO
Ha OCHOBI HaBeJeHOI MeToauku B poOoti [87]. Ciix 3a3HAuYMTH MO0 IMIYJIbCHA
XapaKTepUCTHKa HaBEACHA JIMINE M OJHOTO KaHally — JIBOTO, OCKIJIBKH JUIS
mpaBoro BoHa Oyjie Taka cama.

[Ticnss eramy HaBYaHHS HEHPOHHOI Mepeki HAa HABYAJBHIM BUOIPI 3BYKOBUX
nanux 3 Edinburgh Datashare 3 gomanumu HajamtyBaHHSIMU 3MiH peBepOeparlii
MepeBipuMO  SIK  €(EKTUBHO CHCTEMa peali30Bye JiepeBepOepalliro 3amucaHoro
curHany. [ns uporo BUkopucTaemMo ayniocemiut 3 ¢pazoro: “Believe me we have
happy times in America this is Chico's Seth”. TpuBanicts curHany ckiagae 4.9

CCKYH/IH.
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Pucynoxk 3.3 — IMmysibcHa XapakTepucTrka peBepOepairiitnoi kimuatu 209

CrnekTporpamu, siki JI03BOJISIIOTh OLIIHUTH €()EeKTUBHICTh CUCTEMH TOKpPAIICHHS
PO301pAMBOCTI Ul JAHOTO CEMILTy HaBeleHO Ha pUcyHKy 3.4 (a). Ha pucynky 3.4
(6) HaBeIeHO CUTHAJIOTPAMU “9HCTOT0”, “peBepOEPOBAHOTO” Ta K PE3yIbTaT pOOOTH
Mepexi — jaepeBepbepoBaHoro curHaiiB. JlaHi rpadidHi 3ajle)KHOCTI OTPUMAaHO Ha

OCHOBI CTBOpEHHS JicTHHTY Tiporpamy B [13 Matlab (momatok b).
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AHaJi3yl0un OTpUMaHi pe3yJbTaTh Ha PUCYHKY 3.4 (a) MOXKHA BIIMITUTH, I1IO
pe3yibTyloua CIEeKTporpaMa JepeBepOepOBaHOTO CHUTHATY y TMOPIBHAHHI 3
peBepOpepoBaHUM OLIBIIT HAOMIKEHA 3a PO3MOALIOM TOTYXHOCTI O YacTOTH B
onuHulsIX BuMiptoBaHHsl n1b/I'1 g0 cnekrporpamu ‘“uucroro” cemruty. Taka cama
TEHJICHITIS TPOCITIIKOBYETHCS 1 SKIIO MOPIBHATH CUTHAJIOTpaMu Ha pUCYHKY 3.4 (0). 3
iHIIoro OOKy, BpaxoBYIOUM IIO0 HEWpPOHHA MEpeka HaByajach Ha aHTJIOMOBHOMY
JaTaceTi, TO TMEpeBIpUMO SK 1i €PEeKTHBHICTh, KOJIM 3allUC TECTOBOTO CEMILTY
3p00JICHO YKpaiHCHKOIO MOBOIO. I 1IbOTO TEKCT B cemIull HactymHui: “Ileprmii
TeCTOBUU curHan’. TpuBamiCTh CUTHANY JJIS LIOTO BUNAAKY ckiamae 4,4 cex.
OTtpuMaHi pe3ynbTaTd rpadiqHO HABEAEHO HAa PUCYHKY 3.5 (a) — cmekTporpaMu Ta

pUCyHKY 3.5 (0) — CUTHaJIOTpaMHu.
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Pucynox 3.5 — Cnekrporpamu (a) Ta curHaiorpam# (0) 1Jist TECTOBOTO CEMILTY

10

Freguency (kHz)

o
8
Powerifrequency (dBiHz)

°

Time (s)

YKPalHCHKOI MOBOO

Jlig 1pboro BUMNAAKY, MOKHA BIIMITHUTH, L0 JepeBepedepallisi mokasye Kparil
pe3yJbTaTh y TOPIBHSHHI 3 KapTHHOIO PeBepOEpalliiHOrO CUTHAJYy Ha 4YacTOTi
omm3bko 4 k't [Ilo crocyeThes aHamizy CUTHaOTpaM, TO TYT pe3yJbTaTH Kpalie 3

iHTepBany 1,7 ¢, ame MOXKHA BIAMITHUTH MPU I[bOMY IO aMIUIITya CUTHaNy (3a
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OTMHAIOuo0) OyAe B pe3yabTaTi TPOXH 30UIbIIEHA BHACIIIOK MPOLEIYyPH
nepeBepoepartii.

Jy1st IepeBipKH SKOCTI TIPOBENICHOI epeBepOepallii curHaity O0yia0 BUKOPHUCTAHO
METOJI €KCIIEPTHUX OIIIHOK, a came Oysa chopMoBaHa rpymnmna eKCrepTiB, BKIIOYAI0YH
1 meHe 3 10 moneit:

e 6 mojeil YosoBikM BikoM Bix 25 10 34 pokiB 0e3 BaJ CiIyXy;

e | moauHa XiHKA BIKOM 22 pokH 0e3 BaJ CIIyXY;

e | moauHa xiHka BikoM 50 pokiB 6€3 Baj CIyXy;

e 2 JIFOAWHU YOJOBIKM BikOM Big 50 10 55 pokiB 3 NMOMIpHMMH BajaMu
CIIyXY.

Excniepram 3 rpymnu Oysio 3ampoOIrlOHOBAHO JATH OIIHKY SIKOCTI peBepOOBaHOTO
Ta JIepeBepOOBAHOr0 CUTHAJIB JJIsl ABOX MOB 3a Iikajaow ouiHok Big 0 go 10. Ilpu
bOMYy OyJIO 3alpONOHOBAHO BPAaXOBYBATH HACTYIHI KpUTEpli NPH OLIHIOBAHHI!
PO301PJIUBICTh CIIIB, TOUYHICTH BUMOBJICHHS OKpPEMHUX CIHiB (TOOTO, YA HE HANA3STh
CJIOBA OJMH Ha OJ(HE), YU JOCTATHbO T'YUHICTh 3BY4YaHHS CHIB y (ppa3i.

PesynbraTu onutyBanHs HaBeneHo B Tabmui 3.7. Lli pe3synpTaTi cBimyaTh 110 B
CepeaHbOMY SIKICTh CHUTHAIIy A0 JepeBepOarrii craHoBUTH 4.3 I aHTJIIHCHKOT MOBH
ta 4.1 nns ykpaiHcbkoi, a micisi nepeBepOaiii 7.4 ta 6.4 BianosigHo. To0OTO, Ha
OCHOB1 TIPOCITYXOBYBaHHSI MOBHHMX CHUTHAJIIB TPYIOI0 €KCHEPTIB, MOXXHA 3pOOUTH
BHCHOBOK, III0 3alPOTIOHOBAHHWHA aJITOPUTM HA OCHOBI BUKOPHUCTaHHS HEHPOHHHX
MEpEeX 3 HaBYaHHSIM, 3MEHIITY€E PIBEHb IIyMY, [TOB’S3aHOTO 3 peBepOepali€ro.

B mHacTtymHOMy erami  €KCIIEpPUMEHTY, 3 ’ACYEMO YHM XapakKTepHi I
3aKOHOMIPHOCTI ~ HEMpPOHHOI  MepexXi, KOJM BUKOPUCTOBYETHCA  IMITyJIbCHA
XapaKTEPUCTHUKA 1HIIOTO MPUMINICHHS, B JAHOMY BUIAIKY 1Jis ayauTopii 438, sika
Mae 1HIMKA o00’em. IS 4YHCTOTM EKCHEPUMEHTY caMl TECTOBI CHUTHAJIU SIK
AHTJIIACHKOI0 TaK 1 YKPaiHCHKOI MOBaMM 3aJUIIMMO TaKUMH CaMUMH, K1 1 IJIs

aynurtopii 209.
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Ta6nuis 3.7 — Pe3ynbraTi OmUTyBaHHS

Excnept AxicTh SkicTh AxicTh SAxicTh
peBepOOBAHOIO | PE3yJIbTYIOUOTO | PEeBEpOOBAHOIO | PE3YIbTYIOUOTO
CUTHAIY JJIs CUTHAIY JJIs CUTHAIY JJIs CUTHAIY IS
aHTJTINCHKOT | aHTJIIMCHKOI MOBU |  YKpaAiHCHKOI YKpaiHCHKOI
MOBH MOBH MOBH
Jlroquna 1 4 9 4 7
JIronuna 2 3 6 3 3)
Jroquua 3 5 8 5 6
Jronuna 4 5 7 4 7
JIronuna 5 4 7 4 6
JIronquHa 6 4 8 4 7
Jronuna 7 3 8 4 5
JIronquHa 8 6 7 5 8
JIronquna 9 5 6 4 7
Jronuna 4 8 4 6
10

3.3.4 ExcnepumMeHnTajibHa nepeBipka 2 (438 HaBYa/IbHA ayAUTOPis)

Ha pucynky 3.6 HaBeIeHO IMIIyJIbCHY XapakTepUCTHKy 438 HaByajIbHOI
naboparopii, Ky OTpUMaHO Ha OCHOBI HaBeAcHOI MeToauKH B podoTi [87]. TyT Tak
caMO TIpH 3aIuCi IMITYJIbCHOI XapaKTePUCTUKH BUKOPUCTAHO TECTOBHHM CHUTHAN Yy
dopmi 16 3ammcaHUX TOCIIJIOBHUX CIUIECKIB (TECTOBHMM CHTHAJI mls 3 49acTOTOIO
muckperuzaiii 44,1 k['). ObnagHanHs 1715 3aMuCcy, SKe HaBeleHo y 1.3.3 Take came,
K 1 B ayauTopii 209 3 €1UHOIO BIAMIHHICTIO, IO caM MIiKpodoH B aynutopii 438
pO3TaIIoOBaHO Ha BiACTaH1 MPUOIU3HO 5 M BiJ JKEpesia CurHaily (aKTHBHA aKyCTUYHA
CHUCTEMa, sKa PETPAHCIIOE 3alUCaHuil curHai cruieckiB). O0’em ayautopii 438 —

170 3. TlopiBHIOIOYM IMITyJIbCHI XapaKTEPUCTHKU I ayautopid 209 i 438
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(pucynku 3.3 Ta 3.6) MOXHa BIAMITUATH, 10 A1 ayautopli 209 € BUpasHe paHHE
BIIOUTTS B 00J1acTi yacoBOro iHTepBany npuoiauszno 0,29 c¢ (puc.3.3) Ta Ha MOYaTKy
¢ikcarii XapakTepucTUKu — MpUOIU3HO B yacoBoMy okoii 0,03 cex ta 0,05 cek.
IToni6H1 ocobmuBOCTI Tako Oynu BigmiueHi 1 B pooOoti [87]. Ilo crocyerhcs
IMIyBCHOT XapaKTepUCTUKU JJisi HaB4aidbHOi aynurtopii 438, TO TyT BaXKKO
BU3HAYUTH SIKICh IepeBakaroul cruieckd Ha iHTepBami Big 0 ¢ mo 0,5 cek. Yac

peBepOepariii 1151 000X ayauTopiit JopiBHIOE mpuOan3Ho 0,95 cek.

2 AE00Q0
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Amplitude

E

0.2

0.4

0.6

Time (s)

Pucynok 3.6 —ImMmynbcHa xapakTepucTuka peBepoeparliitnoi kimaatu 438

Ax 1 ana aymurtopii 209, mnepeBipuMO e(hEKTHBHICTh (PYHKI[IOHYBaHHS
po3p0o0IeHOi HEMPOHHOT Mepexkl y BUIAJKY 3aluCy B HaBUaJbHIM ayauTopii 438,
IPUYOMY B SIKOCTI TECTOBOT'O CEMILTy 0OpaHO Taki cami CUTHANIH, SIK 1 JIJIsl ayJuTopii
209. 3aznaunmo, 1mo aynutopis 438 12 HaBuaIbHOTO KOpIycCy Oyna IOCHIIKeHa Ha
BIJIMOBIAHICTh aKYCTUYHUM HOpMaM y ctaTTi [89].

CrnekTporpamu, siki I03BOJISIFOTh OIIHUTH €(EeKTUBHICTh CUCTEMH TOKpPAIICHHS
PO30IPIMBOCTI JI JAHOTO CEMIUTY aHTJIIMChKOIO MOBOIO HAaBEICHO HA PUCYHKY 3.7

»

(a). Ha pucynky 3.7 (0) HaBeIeHO CUTHAJIOTPAMH “dUCTOr0”, “peBepOepOBaHOrO” Ta

SK pe3yJIbTaT POOOTH MEPEXkKi — IepeBepOEPOBAHOTO CUTHAITIB.
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Pucynox 3.7 — Cniektporpamu (a) Ta curHaiorpamu (0) aJisi TECTOBOTO CEMILTY

AHTIIHCHKOK MOBOIO
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Tak camo, fK 1 JUIsi TEPIIOTO EKCHEPUMEHTY, MEPEBIPUMO SIKICTh POOOTH

HEHWPOHHOI MepexXi 3 aepeBepOeparltii, Koy 3amiMcaHo TECTOBHM CEMILT YKPaiHCHKOI

MoBu. J1yis 1boro, 0OpaHuii TeKCT B ceMIuti HacTymnuuid: “Ilepruit TecToBuMil curnan’”.

TpuBanicTe curHamy nias UpOoro BUMAAKy ckimanae 4,4 cex. OTpuMaHi pe3ynbTaTu

rpadgiuHO HaBeIeHO Ha puCyHKY 3.8 (a) — cmekrporpamu Ta pucyHky 3.8 (0) —

CHUT

HaJIOI'paMHU.

AHani3yroun OTpUMaHi pe3yiabTaTH Ha PHUCYHKY 3.7 MOXHa BiAMITUTH, IO

HEWpPOHHA Mepexka I0Ka3ye CBOIO0 e(EeKTHUBHICTh 3 JepeBepelepallli curHaiy i

0co0JIMBO, II€ TIOMITHO Ha CIleKTporpami B oOxacti 2,2 cek Ta 3,5 cek (puc.3.7(a)).

Haiibinpin e moMmiTHO came g 00sacTi 3,5 cek 1 MIATBEP/KEHHS I[bOMY MOXKHA

oTp

MMaTy aHaJTI3yI0uu CUTHaJIOrpamu Ha puc.3.7 (0).
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Pucynok 3.8 — Cnekrporpamu (a) Ta curHajiorpamu (0) aJii TECTOBOTO CEMILITY

YKPaIHCBKOK MOBOKO

[Ilo cTocyeThcsi peBepOEPOBAHOTO MOBHOTO CHTHATY, TO TYT BapTO BIIMITHTH 3
aHaI3y CUTHAJIOraMHu, 10 peBepOepallisi MPU3BOIUTS 1 10 30UIbIIEHHS €HEPreTUYHOT
CKJIaJIOBOi CHTHaNly. 3 1HIIOTO OOKy, Taka caMa TEHJEHIlis, X04 1 He TakK SICKpaBO
MIPOCIIIKOBYETHCS 1 I PE3YNbTYIOUOTr0o curHainy. Oco0IMBO 11e TOMITHO B Jl1ara3oHi
BiJ 4,5 CeK sIK Ha CIEKTporpami, Tak 1 Ha curHajorpami. Taky ocoOIMBICTh, HAIIEBHO
MO>KHa TIOSICHUTH OCOOJMBOCTSIMH CamMOT0 allTOPUTMY CTBOPEHHS peBepOEpPOBAHOTO
CUTHAJy Ta poOOTYy CIIPOEKTOBAaHOI HEHPOHHOI MEpEXi.

Pucynok 3.8 (a) Tta (0) mokaszye pe3yJbTaTH pOOOTH HEUPOHHOT MEpPExi st
BUMAAKy 438 ayaurtopii, KOJM TECTOBUN CEMIUI 3allMCaHO YKPAiHCHKOIO MOBOIO.
Binmitumo, 1o Ha movatky poOoTu B iHTepBaii Big 1,7 cexk no 2 cek HeWpoHHa
MepeKa IMoKa3zye CBOK €(EKTHUBHICTb, SKIO aHAII3yBaTH CUTHajJoOrpaMu 3 puc.3.8
(0). Pazom 3 TuM, fKIIO MpoaHaNi3yBaTH CIIEKTporpamu To B aiana3oHi Bix 10 xl'n
MIOMITHO 3MEHIIICHHS 3HAUEHHS MapaMeTpy 3a MIKajJor NoTyxkHicTh/yacTota (ab/I'm).
ToOTo, A1 BUKOPUCTAHHS 3alUCy, HANPUKIAA, MY3UYHMX KOMIO3MIIH B
MPUMIILIEHH], caMy HEHpOHHY Mepexy HeoOXiqHO ToHaBuaTtu. Kpim 1boro, sk 1 s

BUMAJKy AaHTJIIMCHKOTO CEMIUTY Ha 1HTepBail Bil 3,2 CeK € MEeBHUM “XBICT” 3a
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HOPMOBAHMM 3HAYEHHSM IHTEHCHBHOCTI CHTHAIly SIK peBepOepOBAHOIO, TaK i
pe3ynbTyrodoro. Jlius mokparieHHs 1€l CUTyallii, HalmeBHO CJiJ MpU HaBYaHHI
HEHWPOHHOI MEpeXi 30UIBIINTH KiIBKICTh IUKIIB (€M0X) Ta JOAATKOBO JIOHABUYHUTH
0a3010 ykpaincbkux ciiB [90].

Takox I MepeBIpPKU SAKOCTI pe3yJabTyI0UOTO CUTHAMIB fK 1 B 11.3.3.3 poboTH,
Oyna BUKOpPHCTaHa TPyIIa 3 THX CAMHUX EKCIEPTiB s 3a0e3MeueHHs YHUCTOTU
EKCIIEPUMEHTY.

AHasnorivHo OyJI0 3ampoNOHOBAHO JAaTH OIIHKY SKOCTI peBepOOBAHOTO Ta
JepeBepOOBaHOTO CUTHATIB i 1BOX MOB Bim O mo 10. Pe3ymbraTé onuTyBaHHS
HaBeJIeHO B TaOmumi 3.9.

Tabmun 3.9 — Pesynbratu onutyBaHHS

Ekcnept Sxicthb AxicThb SxicThb SxicThb
peBepOOBAHOrO | PE3yJbTYIOUOr0o | peBEpOOBAHOIO | PE3YJIBTYIOUOTO
CUTHAJy ISt CUTHAIY TSt CUTHAJy JJisi CUTHAJY JJIst
AHTJIICHKOT | aHTJIIHCHKOT MOBH |  YKPaiHChKOI YKPATHCBKOI1
MOBHU MOBH MOBHU
Jronuna 1 4 8 5 7
JTronuna 2 5 7 4 6
Jroquua 3 3 6 3 6
JIronuna 4 5 7 5 7
JIronuna 5 6 8 6 6
JIronuna 6 4 7 4 6
JIroquna 7 5 7 5 7
Jlromuna 8 3 8 3 7
Jronuna 9 4 7 4 5
Jlronquna 5 8 3) 6
10

Pe3ynbpTaTi OTpUMaHUX €KCIIEPTHUX OIIHOK CBIIYaTh, 1110 B CEPEIHBOMY SIKICTh

CUTHAJIy 10 JepeBepOaiii ctaHoBuTh 4.4 s aHriiiicbkoi moBu Ta 4.4 mus
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yKpaiHChKOi, a micyst aepeepOarii 7.3 ta 6.3 BianosigHo. ToOTO 1 TYT OTpUMaHO
MiATBEp/DKCHHS, IO 3aCTOCYBaHHS HEHPOHHMX MEpeX ISl BHUPIIICHHS 3a7ad

nepeBepeOdalii CHTHAIIB € TIPABIIIBHIM KPOKOM B paMKaX JTOCIIIPKEHHS.

3.3.5 ExkcnepumenTajibHa nepeBipka 3 (KUTJI0BAa KiMHATAa)

Jlns mepeBipkrd €(EKTUBHOCTI POOOTH PO3POOJEHOT HEHMPOHHOI Mepexi 3
nepeBepOepallli curHajiB, 3poOMMO I1I€ OJMH EKCIIEPUMEHT, a came IepeBipuMo i
poOOTY 7151 SKUTIIOBOTO MPUMIIIIEHHS. IMITyThbCHA XapaKTEPUCTHKA KIMHATH HaBEIeHA
Ha pucyHKY 3.9 1 TyT Ha BIIMIHY BiJ] XapaKTepUCTUK Ha pucyHKax 3,3 Ta 3,6 HasBHMIA
CIUIeCK He Ha modvatky ¢ikcarii B okoii 0 cex, a B oonacti 0,4-0,5 cek. Ilpu upomy
TECTOBI CEMILIH, X TPUBAIICTh OYIyTh Takl caMi K 1 B 11.3.3.3 Ta 1.3.3.4.

Otpumani pe3ynbTatd Ha pucyHKY 3.10 (a) mokasywTh, 1O B pe3yJbTari
CTBOPEHHS PEBEpOEPOBAHOTO MOBHOTO CHTHaly Ta pe3yJbTYIOUOTO CHTHAIY
BiJIOYJIOCH TIEBHE 3MIIIEHHSI, SIK CIEKTPOTPaM TaK 1 CUTHAJIOTPaM.

[le 0OyMOBIIEHO TUM, IO IMITYJIbCHA XapaKTEPUCTUKA Ma€ 3CyB (MK OCHOBHOI
eHeprii 3CyHyTHH BIJI TMOYATKy). 3CYB Ha pe3ylbTYIOUOMY CHUTHall BHACIIIOK
MaTEeMaTUYHOI orepallii Moke OyTH PI3HHUM 1 1€ 3aJIeKUTh B pi3HuX (akTopis. [lo-
nepiie, Mpy omepariii 3ropTKH CUTHAJIY CEMIUTY 3 IMITyJbCHOIO XapaKTEePHCTUKOIO,
MOX€ BHHHKHYTH 3CYB y PE3yJBTYIOUOMY CHUTHANI SKUH BH3HAYAETHCS THUM, JIC

EHepris ceMIuly "HakiIaaeTbes" Ha MK XapaKTePUCTHKHU.

Amplitude

1 1.5 2 25 3
Time (s)

Pucynox 3.9 — IMmynbscHa XapakTepucTHKa KUTIOBOI KIMHATH
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Pucynox 3.10 — Cnekrporpamu (a) Ta curHasiorpamu (6) Jijisi TECTOBOI'O CEMILTY

Yac (c)

AHTIIHCHKOK MOBOIO

Tax, K0 MIK OCHOBHOI €HEpPTii IMIYJIbCHOI XapaKTEPUCTUKU 3HAXOJUThCS Ha
MEBHIA 3aTPUMIll, TO AJIA KOKHOTO CEMIUTy L 3aTpUMKa OyJe HISTH MO-pI3HOMY
3aJIe)KHO BiJl TOTO, i€ 30CEpePKeHa eHepris camoro cemiuty. Hampuknan, cemmn 13
KOpoTkuM  "ymapHuMm"  curHasioM  (IMIyJbC) YITKO  B3a€EMOJIE 3  MIKOM
XapaKTEPUCTHKHU, 1 pe3yJbTylOuud 3CcyB Oyjae Maibke pIBHUM 3aTpUMI LI€i
xapaktepucTuku. llo-gpyre, /uisi CTBOPEHOI YaCTOTHOI XapaKTEPUCTUKH KIMHATH,
CEMIUT Ma€ CBii BIACHUN YaCTOTHHM CIIEKTP. | SKIIIO ceMIlT MICTUTH Oinbllie eHeprii B
TUX YacTOTaX, $KI CHWJIbHO MIJCHIIOIOTBCS YHM 3arIylIyIOThCS 1MIIYJIbCHOIO
XapaKTepUCTHKOI0, TO L€ 3MIHIOE CIHPUUHATTS "HEHTpy Baru" pe3ysbTyl4doro
curHaiy. B pe3ynpTaTi MaemMo, 1o CeMIUT 13 MepEeBaXHO BUCOKHUMH YaCTOTaAMH MOXKE
CTBOPUTH 3CYB, SKHH ONMXYMHA [0 MIKY IMIYJIbCHOI XapaKTEPUCTUKHU, OCKUIBKU
BHCOKI YaCTOTH MarOTh KOPOTII 4acoBi 3aTpUMKHU. CeMIUT 13 HU3bKUMU YacTOTaMH
Moe '"3maBaTtucs' OLIBIN 3MIINICHUM, 00 HH3BKI YaCTOTH 3a3BHMYal MAaroTh JOBIII
4acoBI CKJIAIOBI.

Tob6to, aHamiz rpadikiB BapTO NPOBOJUTH, BPAXOBYIOUM IO OTPUMAaHI
CHEKTpOTpaMu Ta CHTHajorpamu 3MmimieHo mpaBopyd Ha A1=0,5 cekx. Kpim 1woro,

aHaJi3 CHEKTPOrpaMM TIOKa3zye, [0 HEHPOHHAa MepeXa BHACTIOK BBEICHOTO



89

0oOMEKEeHHs JIJIsi peBepOepOBAHOI0 MOBHOTO CHUTHAJly, a caMe€ 3HWIKEHHsI PIBHIO 3a
yacToToro Ounbiie 6 kI, BimoOpakae mMpuOJIM3HO TaKy caMy TEHJEHIIIIO Ui I[bOTO
mianma3oHy 4acToT. ToOTo, TyT BIpOTiTHO 3a BCE BapTO 3MIHUTH MapameTpu 10
CTBOpPEHHI Bapialiii edexTy peBepOepariii. JlogaTkoBO, MOPIBHIOWOYH PE3yibTaT
aepeBepoOeparii 3 “4ucTUM’”’ CEMIUIOM BpaxOBYIOYH 3MIIICHHS 32 4acOM Ha piBHI
A1=0,5 cek mpaBopyd, 3a CUTHAJIOTpaMaMH SIK 1 Y MOIMEPEAHIX EKCIIEPUMEHTaX, 110
HEHWpPOHHA MepeXxa TPOXH MIJICUIIIOE 32 PIBHEM OTMHAIOYOI Pe3yIbTYIOUMM MOBHHI

CHUTHAJI.

Ynctni

Frequency (kHz)
3 & 8
g8 3

o

8
Powerffrequency (dBiHz)

o

- Unetin MosHui Curkan
05 1 15 2 25 3 35 4 05 T T T

T T T T T
Time (s)
Pesep6osaHuin (1) e SR L —
-40
60 N
I I I I I | I

05 .
[} 0.5 1 15 2 25 3 35 4 45
Yac (¢}

»
53
2

&
3
ney [dBiHz)

=]

N
e 4
<
>
%)
e
@
=]
3
2
w

PesepBosarinin MosHni Curian
0.5 T T T T

= = o T T T T
. 1]
Time (s)

[Lepesepbosannit 05
0 05 1 15 2 25 3 35 4 45
Yac (c)

a
Powerlireque

o

[N}
S

2

[epesepBosannia MosHnin CurHan
T T T

. R wan
-150 02 T

0 05 1 15 2 25 3 35 4 45

Frequency (kHz)

o 3
Powerifrequency [dBiHz)

o

Time (s) )

a) 0)
Pucynok 3.11 — Cnekrporpamu (a) Ta curHasiorpamu (0) Jjisi TECTOBOI'O CEMILTY

YKpPalHCBKOIO MOBOIO

VY BunaAxky aHamizy 3amucy YKpPaiHCbKOIO MOBOIO MOXXHA NEPEKOHATHCH,
BpPaxoBYIOUM 3MilIeHHs mpaBopyd A;=0,2 cek, o OTpuUMaHuil JAepeBepOepoBaHUT
CUTHQJ OTpPUMAaB JOJATKOBI O3HaKkW. llosiCHEHHS LbOMY € Te, IO aJIrOPUTM
OTpUMaHHS PEeBEpOECPOBAHOIO CUTHATY CUJIBHO CIIOTBOPUB OPUTIHAJIBLHUNM CHUTHAI 1
Mepeka He TOBHICTIO BiANpaiboBye BigHOBIEHHS. KpiMm 1bOro, ciiji BpaxoByBaTH
110 HAaBYAHHS I11€1 MEpeXki MEPEBAKHO MPOBOAUIIOCH Ha aHTIIMCBKOMY JaTaceTi.

Takoxx A mepeBIpKU SIKOCTI Pe3yJbTYIOUOro CHUrHamiB Oylla BUKOpHUCTaHA

rpymma eKCrepTiB, CKIal AKOi HaBeAeHO y MyHKTI 3.3.3 poboTu.
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Tak camo, sk 1 panime, OyJIO 3alpoOlOHOBAHO JaTH OIIHKY SKOCTI
peBepOOBaHOrO Ta JAepeBEepOOBaHOTO CHUTHAIIB s JaBoX MoB Big 0 mo 10.
Pesynbratu onutyBaHHs HaBeAeHI B Tabuuil 3.9.

Ta6muis 3.9 — Pe3ynbraTi onmuTyBaHHS

Excniept SkicTh SxicTb SxicTh SxicTb
peBepOOBAHOIO | PE3yIbTYIOUOTO | PeBEpOOBAHOIO | PE3YIbTYIOUOTO
CUTHAITY JUIS CUTHAITY IS CUTHAITY JUIS CUTHAITY IS
aHTITINCHKOT | aHTJIIMCHKOI MOBU |  YKpaAiHCHKOI YKpaiHCHKOI
MOBH MOBH MOBH
Jronuna 1 4 6 4 6
JIronuua 2 4 7 4 6
Jroquna 3 3 6 3 6
Jronuna 4 4 7 4 5
Jroquna 5 5 6 4 6
Jroquna 6 3 6 3 6
JIronuna 7 4 5 4 5
JIronuHa 8 4 7 3 6
Jroquna 9 3 6 4 7
JIroquua 10 4 6 3 6

Pe3ynbTaT oOnuTyBaHHS €KCHEPTIB CBiAYaTh, IO B CEPEIHBOMY SIKICTh
IPOCTYXaHOTO CUTHATY JI0 JiepeBepOartii CTaHOBUTH 3.8 JIJIsl aHIITMChKOT MOBHU Ta 3.6
JUISl YKPaAiHChKOI, a Mmiciis aepeepOariii 6.2 ta 5.9 BianosiaHo. Xoua 3a pe3yjibTaTaMu
1 HE OTPUMAHO cepejl TPyIu eKCIEPTIB HAMBUIIIOTO €KCIIEPTHOTO Oaiy, ajne BCce OAHO
SKICTh 3aMpPOBaKEHUX MPOIEAYP AepeBepOepariii mpu3BeIo A0 MiIBUIIEHHS SKOCTI
CUTHAJy 3a KPUTEPISIMH PO30IPJMUBOCTI CJIiB, TOUHOCTI BUMOBJICHHS OKPEMHX CJIIB
(TO0TO, UM HE HaNA3ATh CJIOBA OJIMH Ha OJIHE), UM JJOCTATHBO 1X T'YUHICTh 3BYYaHHS.

[lepeBipumo pani, gk HEHpoHHAa Mepexka Oyne (yHKLUIOHYBAaTH, SKIIO Y

CTPYKTYpPY OCHOBHOI'O CHUTHAJly, B IKOMY 3aIllUCaHO YKpalHCbKY (pa3y Oyae mnomaHo
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aIUTUBHUH IITyM pi3HOI KoHbirypari. [{fo nepeBipKy BUKOHAEMO JJISl JOCIIIIPKCHHS

XapaKTePUCTHK HaBYaabHOI ayauTopii 209 (11.3.3.3).

3.3.6 ExcnnepuMeHT 3 101aBaHHAM (POHOBOI0 IIyMY

YCcKkIaaHUMO TPOXH CUTYALIO 1 AJIs epeBIPKA HEHPOHHOI MEpexi PO3TIISTHEMO
3aMuC TECTOBOIO CEMIUTy YKpaiHChKOO MoBowo “llepmmii TectoBuid curHam”
TPUBATICTIO 4,4 CEKyHIM 1 AOJIaMO aAUTUBHO IIYM (BUKOPHUCTOBYIOUM IHCTPYMEHTH
nporpamu  Adobe Audition Trial version) tpuBamictio 2,5 cexk (ToOTO, IIyMm
HAKJIAJAa€ThCs JIMIIE HAa YaCTUHY CEMIUTy), B SKOMY JJIi EKCIEPUMEHTY
BUKOPUCTAEMO YOTHPH BHAMW HAMOILIBII TMOMIMPEHUX BUAM IIYMY: KOPUYHEBHIM
(brown), poxxesuii (pink), cipuii (grey) ta Oinmuii (white). Tak sk 1 Buime Bci il
OyZaeMO BUKOHYBAaTHU JJI OJHOTO 3 JBOX KaHAIIB — JIIBOIO, OCKUIBKH Ul IIPABOTO
KaHaJly pe3yJbTaTu OyAyTh 11eHTUYHi. [lapamerpu mrymy Oynu BU3Ha4y€Hi 32 YMOBH
HACTYyMHUX HaJlamTyBaHb (puc.3.12):

e iHTeHCUBHICTH 1ryMy 30 ab;
o offset=0;
® TPUBAJICTh BIUIUBY 2,5 CEK;

e pexum Hakiaaanas Overlap(mix).

Overlap (mix)

Pucynok 3.12 — HanamtyBaHHs apamMeTpiB aAUTUBHOTO IIYMY
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Po3noaisn mijIbHOCTI CIIEKTPAIBbHOT TOTY>KHOCTI OOpaHUX THUIIIB IIYMY HaBEIACHO

Ha pucyHky 3.13 (a-T).

Pucynox 3.13 — BizyanbHe 300pa)keHHsI BUJIIB IIIyMY JIJIsl EKCTICPUMEHTY: a)

KOPUYHEBUH; 0) pOKEBU; B) CIpHii; I) O1IMiA

AHamni3ytoud OTpUMaHi pe3ynbTaTh Ha pucyHkax 3.14-3.17, MoXHA BHSIBUTH
HAcCTynH1 XapaktepHi ocoOnuBocti. [lo-mepie, HelpoHHa Mepexa pearye mpu
BIIKJTFOYCHH] TIyMy, TaK II€ SICKpaBO MOHA TOMITHUTH TpHW 3Ha4eHHI 3,5 ceK 1
0COOJIMBO SICKpaBO 1€ MOMITHO Ha CIEKTPOrpamMi MpU 3aCTOCYBaHHI OLJIOro mIymy.
ITo-gpyre, came y BUMAAKy OUIOro MIyMy, SIK I1e BUIUIMBA€E 3 pUCYHKY 3.17 a) Ta 0)
HEHWPOHHA Mepeka He MOXKE SIKICHO pealli3yBaTh Mpoienypy aepeepoOepartii. Kpari
pe3ynbTaTH MOXHA OTPUMATH Y BHUIAAKY 3aCTOCYBAaHHS KOPHYHEBOTO IIyMy, 3a
YMOBH HaKJIaJaHHs [TyMy TOBHICTIO Ha BeCh ceMIUI. JIJisi BUMAaKy POXKEBOTO IIyMY,
CYIISTUM 3 CIIEKTPOTrpaM XapaKTepHa HAsIBHICTh MEBHOTO MATTEPHA, SKUW BIICYTHIN Y

“gucTomMy”’ CUTHaJI. 3a aHATI30M CUTHAJIOIPaM MEHIIIE 3a BCE BIIMBAE HA MPOLIEAYPY



nepeBepOepallli HakIaAeHUH CIpUil IIyM.

BUKOPUCTaHHI POKEBOTO Ta OLJI0T0 IIyMiB.
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[Ilo He MOKXHa cka3zaTh TaK caMO MpPHU
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Pucynok 3.14 — Cnekrporpamu (a) Ta curaanorpam# (0) it TECTOBOTO CEMILTY

YKpa'l'HCBKOIO MOBOIO 3 JOJaHUM KOPpUYHCBUM IIYMOM
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Pucynox 3.15 — Cnexrporpamu (a) Ta curaamorpamu (6) /st TECTOBOTO CEMILITY

YKPaiHCHKOIO MOBOIO 3 JI0JJaHUM POKEBUM IIIyMOM
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Pucynox 3.16 — Cnexrporpamu (a) Ta curHasiorpamu (6) Jijisi TECTOBOT'O CEMILTY

YKPaTHCHKOIO MOBOIO 3 TOJIAHUM CIpUM IITYMOM
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Pucynox 3.17 — Cnexrporpamu (a) Ta curHagorpamu (6) /st TECTOBOTO CEMILITY

YKpaiHCHKOIO MOBOIO 3 JIOJJAHUM O1IUM IIIyMOM
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Jlns mepeBipKU SKOCTI Pe3yNbTYHOUMX CHUTHATIB, TakoXX Oyja BHUKOpHCTaHA
rpyIia eKCIepTiB, sika cpopMoBaHa B myHKTI 3.3.3 poOoTH.

Byno 3ampomoHoBaHO AaTH OIHKY SKOCTI MOBHHMX CHUTHATIB 3 HaKJIaICHUM
ryMoM, peBepOOBaHUX Ta IEPEBEPOOBAHUX IS SIKUX CTABUBCS €KCIIEPEMEHT BUIIIC
Biz 0 mo 10. Pesynbratu onutyBanHs HaBeaeHo B Tabmuii 3.10.

Ta6mui 3.10 — Pe3ynbrat ONMUTYBaHHS

Excnept SkicTe curHany 3 SkicTh SAxicTh
HaAKJIQJICHUM TITYMOM peBepOOBaHOTO PE3YIBTYIOYOTO
CUTHAITY CUTHAITY
Kopuunesuii mym
JIroguna 4 2 5
1
JIroquna 2 1 3
2
JIroquna 1 0 3
3
JIroquna 1 0 2
4
JIroquna 2 0 4
5
JIroquna 3 2 5
6
JIroquna 1 0 4
7
JIronquua 2 1 3
8
Jronuna 3 0 4
9
JIronquua 2 1 4
10




[Tponorxenus tadnuii 3.10 — Pe3ynbpraTu onuTyBaHHS

Excniept SIkicTh cUTHamy 3 SxicTb SxicTb
HaKJIaJICHUM [ITyMOM peBepOOBAHOIO PE3YNBTYIOUOTO
CUTHAITY CUTHAIY
Cipuii mrym
JIronuna 3 1 4
1
JIronquua 1 0 3
2
JIroquna 4 1 3
3
JIroquna 2 1 3
4
JIroquna 2 1 2
5
JIronqnua 4 1 4
6
Jronuna 4 0 3
7
JIroquna 3 2 4
8
JIronquna 2 0 3
9
JIroquna 2 1 2
10
Poxesuii mym
Jronuna 1 0 1
1




[Tponorxenus tadnuii 3.10 — Pe3ynbpraTu onuTyBaHHS

Excniept SIkicTh cUTHamy 3 SxicTb SxicTb
HaKJIaJICHUM IITyMOM peBepOOBaHOTO PE3YIBTYIOYOTO
CUTHAITY CUTHAIY
PoxeBuit mym
JIronuna 1 0 1
2
JIroquna 2 0 1
3
JIronqnua 1 1 1
4
JIroquna 1 0 1
5
JIroquna 1 0 2
6
JIronquna 0 0 2
7
JIroquna 1 0 1
8
JIroquna 2 1 1
9
JIronquna 0 0 3
10
binuii urym
JIronuna 0 0 1
1
Jronuna 1 0 1
2
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[Tponorxenus tadnuii 3.10 — Pe3ynbpraTi onuTyBaHHS

Excnept SkicTe curuany 3 SxicTh SAxicTh
HaAKJIQJICHUM TITYMOM peBepOOBaHOTO PE3YIBTYIOYOTO
CUTHAITY CUTHAITY
binmuit mym
Jlropuna 1 0 0
3
JIronuna 1 0 1
4
JIroquna 1 0 1
5
JIroquna 1 0 2
6
JIroquna 0 0 1
7
JIroquna 1 0 1
8
JIroquna 1 0 1
9
JIronquna 0 0 2
10

B tabnuii 3.11 HaBeneHi cepe/iHi 3HAaYEHHS SIKOCTI CUTHAITY /171 4 BUJIIB IITyMiB.
AHanizyloud OTpUMaHl 3HAYeHHS HAa OCHOBI EKCHEPTHHUX OIIHOK 3 BHOIPKH
JIOZe Tpynmu MOKHA 3a3HAYMTH, 110 PO3pO0JIeHAa CUCTeMa Kpalle CIPaBISETHCS
IOJI0 TOKPAIIEHHS CHUTHATY JUIsi KOPUYHEBOrO 1 CIpOro ImiymMy, B TMOpPIBHSHI 3

PO’KEBHUM Ta OLINM, JIe IKICTh Ha JKaJIb BCE K 3aJIMIAETHCS HU3BKOIO.
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Ta6muig 3.11 — Cepenne 3HaUCHHS PE3yIbTaTIB ONMUTYBaHHS

Tun noganoro SAkicTe curHany 3 SIxicTe SIkicTe
AIUTUBHOTO IIIyMY HaKJIaJIEHUM peBepOOBaHOTO PE3yIBTYI0UOT0
ITyMOM CUTHAITY CUTHAITY
Kopuunepuit 2.1 0.7 3.7
Cipuii 2.7 0.8 3.1
PoxeBuit 1 0.2 1.4
binui 0.7 0 1.1

TakuM 4MHOM, IpU 3aCTOCYBaHHI 3alUCy 3 IIYMOM, HEOOXIJHO BpaxoBYBaTH
IIyM 1 Y BHUIAJKy HaBUYaHHS HEUPOHHOI Mepexi. Take TBEp/HKEHHS MOSCHIOETHCS
THM, 110 cama MpUpOJa IIyMy, K HANPUKIAJ A BUIMAAKY OUIOrO IIyMy, CHUIIBHO
BIUIMBae B pexumi Overlap Ha caMmy CTpyKTypy MOBHOIO CHUTHaJIy 1 TYT AJis
OTPMMaHHS KpaluxX pe3yibTaTiB 3 JepeBepOepauii BapTo BHKOPHUCTOBYBATU
MONEPEIHI0 00pOOKY CUTHAly, SIKa CHPSIMOBaHAa HAa 3MEHILEHHS PIBHS LIyMYy MpH

3ammcy.

3.4 CucreMa KJIOHYBAHHSA I0JI0CY

3.4.1 ETan HaBYAHHA eJIeMEHTIB CHCTEMH KJIOHYBAHHSI F0JIOCY

Sk Oyno BigMIYeHO y 1. 2.3, BIANOBIAHO A0 CTPYKTYPHOI CXEMH 3 PUCYHKY 2.5,
CUCTEMa KJIOHYBaHHSI TOJIOCY BKIIIOUA€ B ceO€ TpU HEUPOHHI MEpexi, Kl MPOXOsATh
HAaBYaHHsS HE3aJIe)KHO OJIHA BiJ OJHOI B MOCHIIOBHOMY mopsiky. [Ipuuomy, meron
NEPETBOPEHHS TEKCTy Ha MOBJICHHEBE BHCJIOBIIOBAHHS 13 3aJaHUMH aKyCTUYHHMHU
XapaKTEePUCTHUKAMU peaizoBaHo Ha ocHOBI TexHosorii SV2TTS. Buxomsum 3
PO3po0IIEHOT CTPYKTYPHOI CXEMH CHCTEMa CKIAIA€ThCs 3 TPhOX €JIEMEHTIB — KOJep
roJI0Cy, CHHTE3aTOp Ta BOKOJED.

[Ipu HaB4YaHHI HEWPOHHOI MEPEXI, AKa BU3HAYAE POOOTY KOAEPY roJiocy, 1mod

YHUKHYTH Tay3 Y BXIJHUX JIaHUX, TiAKII0YeHo 0101ioTeky webrtcvad8 cepenoBuia
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pyCharm. HaBuaHHs HEHpOHHOI MepeXi Kojepa rojiocy MPOBOAUTHCS Ha OCHOBI
MikcoBaHoro HaOopy nanux LibriSpeech (anrn. ¢dpasu) ta 6a3u nanux Mozilla
Common Voice [91]. Cemmnu B HaOopi manux LibriSpeech € MoHOopoHIYHNMHE Ta
MarTh 4acToTy auckperusarii 16 kl'u. [ns HaBuaHHS HEHMPOHHOI Mepexi Kojepa
BUKOpHUCTOBYBanucs  Jyiorapupmiuyai  MEL-cnektporpamu. Takmii  migxig 1
Bukopuctanis MFCC koediieHTiB oOpaHo 3 TuUM, 1100 BpaxyBaTH OCOOJMBOCTI
CIPUMHSATTS 3BYKY JIIOACBKUM CIIYXOM, Mpo 110 Oyio 3a3HadeHo B 1m.2.1.1. IloOymnosa
Mel-criekTporpam mpoBoOAMIACH 3 BpaXyBaHHIM HACTYITHUX OCOOIMBOCTEH

e KkuIpKicTh Mel-xananis: 40;

® DPO3MIp YacOBOI'O BiKHA I (PperMiHTy: 25 Mc;

® Kpok MiX BikHamu: 10 mc;

® yacToTa JUCKpeTu3aiii curnany: 16 kI,

CuHTe3aTOp MOCIIOBHOCTI, KU € JIAHKOIO CHCTEMH KJIOHYBaHHS TOJOCY
(puc.2.5) peamizoBano Ha ocHoBi monyns TensorFlow 1 6i6miotexkn Tacotron$,
renepye MEL-cnekTporpamy 3 mOCHiIOBHOCTI (POHEM, KA 3aJ€KUTh BiJ 3HAYEHb
BEeKTOpa BOynOByBaHHS. BaxiuBo 3a3HauuTH, IO L€l BEKTOp OO0 €IHY€EThCS
(KOHKaTeHYEThCS) 3 BHXOJOM KOJ€pa CHHTE3aTOpa Ha KOKHOMY YacOBOMY KpOILIi.
HaBuaHHs HEIpOHHOT Mepekl CHHTEe3aTopa BiIOYBAETHCS HA OCHOBI Map TEKCTOBUX
TPAHCKPUIIIIN Ta BIMOBITHUX ayA103aIUCIB.

Ha Bxoal cuctema nepeTBOprO€ TEKCT Ha MOCIIIOBHICTH ()OHEM, a OKpemi
CUMBOJIM TEKCTy BHM3HAYalOThCS SK OJIHOBUMIPHI BEKTOPHM Ta TMOJAIOTHCS Ha
sroptkoBi mapu LSTM-mepexi (HelipoHHa mepexka 2 3 puc.2.5) y BUTIIAII KaapiB.
[Ticnst 006poOkM 11 Kaapu TepedaroThcs Ha BXIA JACKOAepa, 1€ KOXKEH Kaip
00’€qHY€ETHCA 3 TOMEPEAHIM BHXITHUM KaJpoM, CTBOPIOIOYM aBTOPETPECiiiHy
MOJIeTb.

MEL-cnekrporpama reHepyeThbcsi 3a JOMOMOIOI0 3rOPTKOBOI (PYHKIIIT 3 BIKHOM
Xaana mupuHOO 50 mc 1 kpokom 12,5 Mc. BXimnuii curHanm oOpoOsieThes depes
0ank Mel-dinpTpiB 13 80 kanamamu. TpuBaIiCTh BHUCIOBIIOBaHbL JJIsi HAaBYAHHS
HEHWPOHHOI MEpPEeXi KoJepa CHHTE3aTOpa HEe NMOBWHHA mepeBuiyBatu 11 cek, mpu

TPUBAJIOCTI CerMeHTa 3 may3010 He Oinbiie 0,4 cex [60].
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[Iporec HaBUaHHSI HEUPOHHOI Mepexi cuHTe3aTopa TpuBae 150 TucsIY iTeparii,
npu 1bOMY po3mip nakety nanux (batch size) ckmamae 144 xagpu.

Jliia Mozeni BoKoJiepa 3 pUCYHKY 2.5 BU3HaueHa HEWPOHHA Mepeka TITUO0KOTro
HaBuaHHss WaveNet. Cama apXiTeKkTypa HEHPOHHOT MEpexkl CKIalaeThes 3 3 CTEKIB
OTHOBUMIPDHUX PpO3MIMPEHUX B3TOPTOK 3 KOe(PII[leHTaMu, SIKI 3a EKCIIOHEHTOIO
3pOCTalOTh MO Mipi 3arJuOJIeHHs Iapy B apXITEKTypi HeWpoHHOI Mepexi. KoxeH
ctek MictuTh 10 3amumkoBux OJOKIB, 1 B KOXKHOMY 3 HUX PO3TAlllOBaHO IO JIBa
3rOpTKOBUX Imapu. ToOTO, B AaHiil MOjaeNi HEHUpOHHOI Mepeki BHKopucTaHo 60
3ropTKOBUX mapiB, abo 30 miapiB po3MIMPEeHOi 3ropTku. B ocHOBI pob0oTH BOKOAEpa
pearnizoBaHa aBTOperpeciiHa MoOJellb, OCHOBHE IMPU3HAYEHHS SAKOI TOJISITaE Yy
1HBEpTYBaHHI CHUHTE30BAHMX CIEKTpPIB B 4acoBl (opmu curHams. ToOTo, a4
Bokosepa WaveNet — 3ropTkoBa HEMpOHHA MepeX TIJIMOOKOrO HaBYaHHSA, sKa
CTBOPIOE HA BUXOJI1 MMPOTHO30BaHI1 BIJIJIIKK MOBHOT'O CUTHAITy, BUKOPUCTOBYIOUYH MpPU
pOMy aBToperpeciinuii cmocid. Kpim mporo, Ha erami poOOTI BOKOjepa
nepeadavYeHo eTar MakeTHOi JUCKpeTHu3allii 3 J0BKHUHOK cerMeHTa 8000 BiIIiKIB 1
nowxuHoro nepekpurts 400 BiywmikiB. ba3zoBa yacTora QuCKpeTu3alii JOPIBHIOE
16 xI'm1. [TepekpuTTsi CErMEeHTIB BUKOPUCTOBYETHCS JJISI TOTO, 1100 30eperty meBHUiA
KOHTEKCT MDK 3aBEpUICHHSIM TIOMEPEAHBOTO CErMEHTY 1 MOYaTKOM HAacCTYIHOTO
CerMEHTY B TIOCHIAOBHOCTI JaHuX. T00TO, HEBEIUKUM (parMeHT KIHIIA
HONEPETHBOI0 CETMEHTY MOBTOPIOETHCS HAa MOYATKy HACTYNMHOIO cerMeHTy. Jlami
BIIPI3KK, 10 TMEPEKPUBAIOTHCSA, OO €IHYIOTBCSA HAa OCHOBI  IMEPEXPECHOIO
sraapkyBanHs. Ciijl BIAMITUTH, 110 HA KOXKHOMY KPOI[l HaBYaHHS HEHPOHHOT Mepexi
Mozen Bokoaepa MEL-cnekTporpamMa po3pi3aeTbCsi Ha OJHAKOBY KUIBKICTb
CErMEHTIB 1 mponyckaeThesl uepe3 ResNet-Moaynb. ¥V mijicyMKy CTBOPIOETHCS BEKTOP
YMOB, SIKUW Jaii MOAUTIEThCS MOPIBHY HA 4oTHpU YacTwHH. [lepima 3 mux yacTuH
00’eanyeTbcs 3 auckperuzoBaHoro MEL-cnektporpamoro 1 3 BiApi3koM ¢GopMu
CHUHTE30BaHOTO CUTHANy 3 MOMEPEIHhOr0 YAaCOBOI'O KpPOKY. Pe3ynbTyroumii BEKTOp
NPOXOJUTh uepe3 KUIbKa IMEepPeTBOPEHb 1 Meped KOKHUM KPOKOM BEKTOpP YMOB
00’€THYEThCS 3 TTPOMIKHOIO (DOPMOIO CHHTE30BaHOTO CUTHaTY. TakWM 4YHWHOM, JBa

IIUTHHI AP MOJENI YTBOPIOIOTH PO3MOJIT 3BYKOBUX 3HAUYECHb CHHTE30BAHOTO
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CUTHAJTy 3a JUCKPETHUMM 3HAUYEHHSMH, SKi BIANOBIJAIOTh JEB’SATHU OITHOMY
koayBaHnHio aymio [60]. Cmig BIiAMITHTH, O[O0 NPOTPAMHHMEA JIICTUHI KOMAaH]I

PO3p00IIeHOT CHCTEMU KIOHYBaHHS r0OJIOCY HaBEJCHO y JOJaTKy B.

3.4.2 IlpakTHYHMIT eKCTIEPUMEHT

JIist TecTyBaHHS HEHPOHHHUX MEpEX B CKIAJll CUCTEMHU KJIOHYBAaHHS TOJIOCY
(puc.2.5) 3anucyBanuck TecToBi ceMiuin Mikpopornom USB BOYA BY-M100UA na
BijicTani 50 cM Bix jpkepena curHainy. MikpodoH Mae HACTYIHI XapaKTePUCTUKHU:

e poOounii yactotHui aiama3zon 50 ['-18 kI'm;
e yacTtoTa auckperusarii 48 kI'i;

® YyTIMBICTh -361b;

e curHan/mym: 781b.

[lepen BUKOpPUCTaHHSIM YacTOTa JMCKpETH3allli 3MiHIOBalIach JO PIBHS TOTO
3HA4YCHHS, HA SKIA HaBYalach CHCTEMA, a caMe J0 16 kl'1I.

OcHoBHa 1J1es MPAKTUYHOTO EKCIIEPUMEHTY TOJISATAE Y TOMY, III00 BU3HAYUTH K
CHUCTEeMa KJIOHYBaHHS TOJIOCY CTBOPIOE T'OJIOCOBE MOBITOMIICHHS, KOJM Ha i BXIiJ
MOJAETHCA TOJIOCOBI (hpa3u, SIK YTBOPEHO CIIOYATKy 3 AHMIMCBKUX CIIIB, MOTIM 3
yKpaiHchkuX cliB. [Ipu 11boMy, B JaHiid cUTYyallii BpaXOBYEThCS YU € aBTOp (pa3u Ha
BXOJIl CUCTEMH, HOCIEM IIi€l MOBH. {7 AOJATKOBOI MEPEBIPKH MOBIIOMIIEHHS, SIKI
MOJIAI0ThCS HA BX1J CUCTEMM KJIOHYBAaHHS 3allMCaHO 3 PI3HOIO I1HTOHAINEID Ta
IIIBUJIKICTIO BAMOBH OKPEMHX CIIiB (hpasH.

B tabmunax 3.12 ta 3.13 HaBeneHO pe3ynabTaTH MEPIIOi MEPEBIPKU CHCTEMH,
KOJM Ha BXIiJl TMOCTIJOBHO TMOJAIOTHCS 3BYKOBI CEMIUTM 3 PI3HOI TPUBATICTIO.
Pi3Huusg B naHoMy BUNAAKY y TOMY, BUMOBa (pa3u BiIOYBA€ThCS HOCIEM UM HE
HocieM MoBHU. CiliJl 3a3HAYUTH, 110 CTBOPEHHS CUHTE30BAHOT'O CUTHAJY 1 BIATIOBITHO
CIEKTpOTpaMH, BiOYBaeThCS 3 TIEBHOIO YacOBOKO 3aTpumKkoio. [Ipore 3 anHamizy
cnekrporpam Ha Tab. 3.12 (cemmn 1) 3 ypaxyBaHHSM LIbOIO 3MIIIEHHS,
MPOCIIIKOBYIOTHCSI YOTHPU TIEPEXOAM, SKI BHU3HAYAIOTH OKpPeMi peueHHsa y (pasi.

To6T10, anani3 ¢pa3u Ta HOro KJIOHY MOXHA YMOBHO JJISl TaHOTO BHUIAJKY MOJUIUTH
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Ha yotupu (pparmentu. [lopiBHSHHA B Mexax, HampuKiIaa nepmoro pedeHHs: “The
Seminoles had to be able to move their houses quickly and easily” no3Bomsie
CTBEp/UKYBATH, IO CUHTE30BaHWW CUTHAI 3a BUriIssaoM MEL-cnextporpamu mae
IIeBHE PO3MUTTS (CBOEPIAHE MOTIPHIEHHS ‘“YITKOCTI”) 300pakeHHSI CIEKTPOrpaMHu.
Taka cama TeHJeHIIIS HAasBHA 1 B HACTYIHHUX €Tarax MpOBEACHOI MepeBIpKU CHCTEMU
KJIOHyBaHHS ToJyiocy. Ilg ocoOGauBiCTh, BIpOTiAHO, TOB’SA3aHAa 3 BHYTPIIIHIMH
HaJAIITYBaHHAMH HEHPOHHUX MEpEeX CUCTEeMH. B 1iioMy, 3 BpaxyBaHHSM IEBHOI
3aTPUMKH  pOOOTH HEWUPOHHOT MeEpexi Ta 3MIHM CHEPreTHYHOI CKJIaJ0BOi
CHHTE30BaHOT'O CUTHANY (CHHTE30BaHHMI CHI'HAJ] BUMOBJISIETHCS TPOXH TY4HIIIE),
aHaJi3 MMOKa3aB BUCOKY CXOXICTh 3 OKPEMHUMH CIIOBAMU OPHUTIHAIBHOTO TEKCTY (pasu
Ta cuHTe30BaHOro. KpiM mporo, MoOxHa BIAMITUTH, IO TPU HEMPOHHI MEpExXi B
pe3ynbTaTi poOOTH CUCTEMU KIIOHYBAaHHS rOJIOCY AOAAIOTh Clla0Ke “pUIIHHA’ TpPU
cuHTe3l. BimMiTimo, 1110 BUMOBA ceMIUTIB B Tabuili 3.12 CTBOPEHO HE HOCIEM MOBH,

a B a0y 3.13 HOClEM MOBH.

Tabmuug 3.12 — MEL-cniektporpamu juist cemrmuni 1 Ta 2

Howmep cemmuny Ta

) ] ) Dpasa cemmty, @paza Ha Buxoxi
Jani Ha BX0#1 Cunres TPHBAJIICTh ) )
TPUBAIICTD HM, TpuBanicts
(0oco6mBOCTI)
The Seminoles had to
be able to move their )
) The Seminoles had to be
houses quickly and ]
] able to move their houses
easily. So the . ]
: | quickly and easily. So the
Seminoles built ) )
) Seminoles built houses 1
houses with no walls. )
with no walls. These | (ocobucrwii rosoc;
These houses are 13.3 cek 12.8 cek

) houses are called HE HOCili MOBH)
called chickees. ) )
) ] chickees. Chickees were
Chickees were quick . )
] quick and easy to build.
and easy to build.
They were easy to take
They were easy to
down and move, too.
take down and move,

too.
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MEL-cnekTporpama ceMIuty:

The Seminoles had to ]
.| The Seminoles had to be
be able to move their )
. able to move their houses
houses quickly and ] )
quickly and easily. So the

easily. So the ) ) 2
) ) Seminoles built houses
Seminoles built ) (ocoGucTHit ToIOC;
) with no walls. These 9.4 cex 10.6 cex
houses with no walls. HE HOCil MOBH)

houses are called
These houses are ) )
) chickees. Chickees were
called chickees. ] .
. ) quick and easy to build.
Chickees were quick

and easy to build.

MEL-cniekTporpama ceMIuty:
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B tabmumi 3.12 gis cemrty 2 BUMOBa ¢pa3u CKOpouY€Ha Ha OJHE PEUYEHHS Y
nopiBHsAHHI 3 ceMiuioMm 1. I mns cemruty 2 (Ta6:.3.12) MokHA BIAMITUTH 1€ OJHY
OCOOJHMBICTB - I TPHOX peueHb ¢pasu 3a BurisimoMm MEL-cnektporpamu cucrema
KJIOHYBaHHS TOJIOCY MTOYMHAE CUHTE3YBATH I'0JIOC HABITh TPOXH PaHillle.

B Ttabmuui 3.13 HaBeneHO CHEKTporpamu, KOJHM BXigHA (pa3a aHIIMIHCHKOIO
MOBOIO  BHMOBIIIETbCS HOCIEM MOBU. AHANI3YIOUM OTPUMAaHI CHEKTPOTpaMu, Y
BUIIAJIKy KOJIM OpHUTiHaJbHA ()pa3a BUMOBISETHCS HOCIEM MOBH (cemiui 3 Ta 4),
MOKHa BIIMITUTH, IIO KpPIM IMEBHOTO PO3MHTTA, T4 HEBEJIMKOI 3aTPUMKH KapTHHA
PO3MOUTY BUSIBUJIACH TIPU MOPIBHSIHHI KPAIIOIO0 HIK Y BUMAJKY, KOJU JUKTOP HE €
HOCIEM MOBH.

Ta6mums 3.13 — MEL-cniekTporpamu mist cemrunis 3 Ta 4

Howmep cemmuty Ta )
) ] ) Dpasa cemmty, ®pasa Ha BUXOA1
Mani Ha BX0A1 Cuntes TPUBATICTH . .
TPUBANICTD HM, TpuBanicts
(oco6mBOCTI)
Well, what can't be
.| Well, what can't be done 3
done by  main . ) ) )
] by main courage in war (4o0BIK, HOCIH
courage in war must 4.95 cex 4.25 cex
must be done by MOBH)
be done by | ]
] . circumvention?
circumvention?

MEL-cnexrporpama ceMIuty:

They left him then | They left him then for the 4
for the jailer arrived jailer arrived to unlock (xiHKa, HOCili MOBH) 5 cex 4.6 cex

to unlock the door the door and escort them
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and escort them to
the office

to the office

MEL-cnekTporpama ceMIury:

¥ 'U:'
|

i

Tak caMo SK 1 y nonepez[HiX cTallaX CKCIICPUMCHTAJIBHOI'O I[OCJ'IiI[)KCHHSI, JIISA

MEPEBIPKU CXOXOCTI KIIOHOBAHOTO TOJOCY 3 OPWIIHAJIOM BHKOPUCTAHO TPYITy

EKCIIepTiB, CKJIaJ SAKOi BU3HAa4eHO y TyHKTI 3.3.3 pobotu. Byno 3ampormoHoBaHO

MeKCIepTaM JIaTh OIIIHKY CXOKOCTI KJIOHOBAHOTO TOJIOCY 3 OPUTIHAJIOM ISl HOCIS 1

He Hocist MoBH 10 mikaii Bix 0 mo 10. Pe3ynbpraT onuTyBaHHS HaBEJEHO B TaOJUIII

3.14.

Tabmuns 3.14 — Pe3ynbTatt ONUTYBaHHS

Ekcniepr Oriaka cxoxocTi g Hocist | OriHKa CX0KOCT1 IS HE
MOBHU HOCISI MOBH
Jlroquna 1 8 7
JIronuua 2 8 8
JIronuua 3 7 6
Jlroquna 4 7 7
JIronuua 5 7 6
JIronuua 6 9 7
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[Iponorxenus tadauili 3.14 — Pe3ynbpraTi OMUTyBaHHS

Ekcniept O1iHKa cxoxocT! it Hocld | OIiHKa CX0KOCTI I HE
MOBH HOCISI MOBH
Jlronuna 7 8 7
JIronuna 8 7 6
JIrvonuHa 9 7 6
Jroguna 10 8 7

Pe3ynbTaTu OTpUMaHUX EKCIEPTHUX OIIIHOK 3 Tabmuii 3.14 cBiguath, 110 B
CEpPEeIHbOMY CXOXKICTh KJIOHOBAaHOTO CUTHANy 3 OPUTIHAJIBHUM CTAHOBUTH 7.6 IS
HOCIsl MOBH Ta 6.7 1 He HOCisE MOBU. T0OTO, OTpUMaHO MIATBEP/KEHHS B paMKax
HayKOBOT'O €KCIIEPUMEHTY, IO ICHYE BIUIMB Ha POOOTY pO3pOOJIEHOT CHCTEMH
KJIOHYBaHHS CTOCOBHO TOro, III0 camMe BHUMOBJCHHS OpHUTIHAJIBHOI (pasu
BUKOHYEThCS HOCIEM MOBH a0o0 HI. B jgaHoMy BUIaIKy MepeBIpsiach came
aHTJIChKa MOBA.

Jlami mepeBipUMO SK TpaIfo€ 3ampoNOHOBaHA CUCTEMa KIOHYBAHHS TOJIOCY,
KOJIM Ha BXIJ MoJaeThcs (paza ykpaiHChKOI MOBOK. B tabmuimi 3.15 HaBenmeHo
NepInid TPUKIa] TEPEeBIPKA CUCTEMHU KJIOHYBaHHSA Tojocy. B nmanomy Bumanky
BUMOBJIeHHS (ppaszu ““ DyTOON CTaB YACTHHOIO MO€I PYTHHH, aJ[Ke TICIs TPEHYBaHb
BI/IYYBAIO CIPAaBXKHIM ApaiiB” 3p00JEHO 31 3BUYANHOIO IHTOHALIEI0 Ta IIBUAKICTIO
BUMOBJICHHSI OKpeMux ciliB ¢pasu. TyT cimig BiAMITHTH, IO caMa CHCTEMa
KJIOHYBaHHSI rosiocy (opmye (pazy Tpoxu mBumime (5,35 cexk mpotu 7 cek) 1 1e
MOB’5I3aHO 3 THM, IO MIPU CHUHTE31 TOJIOCY aHANI3YIOThCS 1 IHTEPBAIM THIII Ta May3 1
akmio nmoauBuTUch Ha MEL-cniekTporpamy cemruty 5, TO mocepenuHi € iHTepBant (y
dpasi 11e BiANOBIAAE PO3AIOBUIN 3HAK “KOMa’) 3 THIIOK, SKUN MPUOUPAETHCS MPHU

CHUHTE31 CUCTEMOIO.
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Ta6mug 3.15 — MEL-cniekTporpamu Jyist ceMIuty 5

Howmep cemiuty Ta )
) ) ) ®pa3za cemIny, ®paza Ha BUXO/1
Jlani Ha BXoni Cunres TPUBANIICTh ) )
) TPUBANIICTh HM, tpuBamnicts
(ocobnmBocCTi)
Dyr60n cTaB
®yT60a CTaB YacCTHHOIO 5
YaCTHHOIO MOE€T )
) MOE€T pyTUHH, ajiKe micist | (ocoOucTuii rosoc;
PYTUHH, aJKe MicCIst ) ] 7 cex 5.35 cex
) TpEeHYBaHb BiZYyBaio HOCiif MOBH)
TpEHYBaHb BiAdyBaro )
) CIIpaBXHIH JpaiiB
CIIpaBXHIH qpaiiB

MEL-cnekTporpama ceMIury:

B Tabmumi 3.16 BukopucTtana Ta cama ¢paza YKpaiHCHKOIO MOBOYO, IO 1 JJIS
tabmuui 3.15, ane B 1pbOMy BHIIaIKy BUMOBJICHHSA (Ppa3 y OpPUTIHAIBLHOMY CEMILTI
BUKOHAHO 3 MIJBUILICHOIO IIBHUJKICTIO MporojiouieHHs Jjitep. [lpu npumBuameHHi
BUMOBHM YYTHO TOTIPIIEHHS CHUHTE30BAaHOTO CEMJIy B TMOPIBHSHHI 3 CEIJIOM
3reHEpOBaHMM Ha 3BUYAMHOMY BXimHOMY cemii. CHHTE30BaHMl CHUTHal

BHMOBJIAE€TBCA TPOXHU THXIIIE.
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Howmep cemiuty Ta

®pasa cemIy,

®paza Ha BUXO/I

[ani Ha BXozi Cunres TPUBAJIICTh ) )
TPUBANIICTh HM, tpuBamnicts
(ocobnmBocCTi)
dyTtoon CTaB
®yT60a CTaB YacCTHHOIO 6
YaCTHHOIO MOE€T )
) MOE€T pyTUHH, ajiKe micist | (ocoOucTuii rosoc;
PYTUHH, aJKe MicCIst 5 cex 5.2 cex

TPEHYBaHb BiJIyBaro

CIIpaBXHIiH apaiiB

TpEeHYBaHb BiUIyBaro

CIIpaBXHiH gpaiiB

HOCIi# MOBH)

MEL-cniekrporpama ceMIury:

B Tabmumi 3.17 BukopucTtaHa Ta cama ¢paza YKpaiHCHKOIO MOBOYO, IO 1 JJIS

tabmuui 3.15, ane B UpOMY BUIIQJKy BUMOBJIEHHSA (Ppa3 y OpUTIHAIBHOMY CEMILI

BHKOHAHO 3 MICBHUM CIOBIJIbHEHHSIM BUMOBY CITiB (hpasw.

Tabmuns 3.17 — OtpuMaHi pe3ynbTaTH IJIs CEMILTY 7

Howmep cemmy ta

®pa3za cemILy,

®paza Ha BUXO/I

Jawi Ha BXO/i Cunres TPHBAJIiCTh ) )
) TPUBAIICTD HM, tpuBanicts
(ocobmmBocCTi)
DyTtdon CTaB
®yTboN cTaB YaCTHHOIO 7
YaCTHHOKO Mo€T )
) MOE€1 pyTHHH, ajpKe micng | (ocobucTuii rooc;
PYTHHH, aJDKe MicIs 9 cex 6.7 cex

TpEeHYBaHb BiJ4yBaio

CHpaBKHIH apaiiB

TpPEeHYBaHb BiZluyBaio

CIpaBXHi# apaiiB

HOCIi# MOBH)
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MEL-cniekTporpama ceMIuty:

[Ipu croBiIbHEHI BUMOBHM TAaKOXK CHOBUIBHIOETHCS BHMOBA 1 B T'€HEPOBAHOMY
MOBHOMY CEMILII SIK pe3yJIbTaT pOOOTH CUCTEMHU KIIOHYBAaHHS I'OJIOCY.

Tabmums 3.18 MicTuTh pe3yiabTaTd poOOTH CHCTEMH KIOHYBaHHS rojocy. B
JaHOMY BUI/IKy BUKOPUCTAHO Ty caMmy ()pa3y YKpaiHChKOIO MOBOIO, LIO 1 JUIsl IaHUX
Tabmnuii 3.15, ane caMi cJioBa BUMOBJIISIFOTHCS B OPUTTHAII 31 3MIHEHOIO 1HTOHAITIEIO.

Tabmums 3.18 — OtpuMaHi pe3ynbTaTH IS CEMITTY 8

Howmep cemmty ta )
) ®pa3za cemIny, ®paza Ha BUXO/1
Jawni Ha BXOJi Cunres TPUBAJIICTh ) )
) TPUBAIICTD HM, tpuBanicts
(ocobnBocTi)
DyTtdon CTaB
®OyT00a CTaB 4YacCTHHOIO 8
YaCTUHOIO MO€i )
MOE€1 pyTHHH, ajpKe micng | (ocobucTuii rosoc;
PYTHHH, aJpKe Micis ) ) 7.1 cex 5.35 cek
TpEeHYBaHb BiZluyBato HOCiif MOBH)
TpEeHYBaHb BiJ4yBaro " .
) CHpaBKHIH apaiiB
CIpaBXHiN ApailB

MEL-cnexrporpama cemIuLy:

MEL-cnexTporpama cTBOpeHa CHCTEMOIO:
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AHaJli3 OTpPUMaHMUX CIEeKTporpaMm 3 Tabnuii 3.18 CBIAUUTH, IO CHCTEMaA
KJIIOHYBaHHS TOJIOCY T€HEPYE CHHTE30BAaHUW TOJIOC 3 MEBHUM IPHUINBUANICHHSM Ha
MOYATKY 1 BHACIIIOK 3MIHEHOT IHTOHAIlIT HE3BAXKAI0UH, [0 TPUBAIICTH KIIOHY MEHIIIE
Ta HIOUTO PpO3TATYE TPOXH PO3MOALT 3a IHTEHCHUBHICTIO OKpEeMHUX CIiB (pasu.
CuHTe30BaHUH ceMIUT 8 BUMOBIISETHCS TPOXH THUXIIIE HIXK OpuriHai. i mepeBipku
CXOYOCT1 KJIOHOBAHOTO T'0OJIOCY 3 OpPHUTiHAJIOM OyJia 3aJlydeHa rpyIina eKCIepTiB, sfKa
chopmoBana B myHKTi 3.3.3 po6GoTu. byno 3ampornoHOBaHO MaTH OIMIHKY CXOXOCTI
KJIOHOBAHOTO TOJIOCY 3 OPHTiHAJOM JUIsi 3TCHEPOBAaHHWX CHUTHAJIB sKi HaBEICHI B
tabmuiax 3.15, 3.16, 3.17 Ta 3.18 3a mkanoro Big 0 mo 10. Pesynbratn onmutyBaHHS
HaBeneHo B Ta0mui 3.19.

Tabmuns 3.19 — PesynbTat ONUTYBaHHS

Ekcniept Oriuka Or1iaka Or1iaka Or1iaka
CXO0’KOCTI I CX0’KOCTI IS CXO0’KOCTI UIA | CXOOCTI IS
ceMIuy 5 ceMIuty 6 cemIuty 7 ceMIuty 8
JIroquna 1 6 6 6 5
JIroquua 2 6 5 5 6
Jlronuna 3 7 6 6 8
JIronuua 4 5 6 6 5
JIroquna 5 6 7 6 6
Jlropuna 6 5 5 5 )
Jlroguna 7 7 6 6 7
JIronuna &8 7 7 5 7
Jlroguna 9 6 6 6 6
Jronuna 10 8 7 7 7
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B tabnumi 3.20 HaBeneHi cepeiHi 3HaUYEHHsI CX0XKOCTI ceMIuTiB 3 Tabmuii 3.19.

Tabmuusg 3.20 — CepenHi 3HaU€HHS pe3yJIbTaTIB ONMUTYBAaHHS

Cemm CepenHe 3HaYCHHS CXOXOCTI
5 6.3
6 6.1
7 5.8
8 6.2

Ha ocnoBi nanux tabmuup 3.19 Ta 3.20 MOXHa CTBEpIKyBaTu, LIO MpHU
CHOBUIBHEHHI BHMMOBHU CIIOCTEPITA€ThCSI MOTIPIIEHHS CXOXKOCTI CHHTE30BaHOIO
rojocy 3 opuriHajgioM. TakoX pe3yibTaTH €KCIIEPTIB MOKa3adl CXO0XKICTb TEMOpY Ta
OKpPEMHX CIJIIB OPHUTIHAJBHOTO TEKCTY (Ppa3u Ta CHHTE30BaHOro. OTpHMMaHI MEHII
3HAYEHHSI CXOXOCTI YKpaiHCbKOI MOBHM Yy TOpIBHSHHI 3 aHIJIHCHKOIO MOBOIO,
CBITYUTH MIPO HEOOXIIHICTh HABYAHHS CUCTEMH Ha OUIbLI SKICHOMY HA0Op1 JaHHHX

YKpPalHCBhKOI MOBH.

3.5 Ouinka sikocTi cucremu iteHTHdikamii rosocy

Sk mokazaHo BUIIE, AKICTh PO3pOOJIEHOI CUCTEMHU JepeBepoOepallii Ta CUCTeMu
KJIIOHYBaHHSI TOJIOCY TIEPEBIPEHO HA OCHOBI 3aCTOCYBAaHHS METOAY EKCIIEPTHUX
OI[IHOK, MPO IO CBiTYaTh OTPUMAaH1 pe3yJbTaTH ONMUTYBaHb BUOIPKU TPYIH JIIOAEH 3
10 oci6 (1m.3.3.3). HatomicTb, 1151 OI[IHKK SKOCTI CUCTEMH 1IeHTU(IKAIIIT 32 rOJIOCOM
(11.3.1.2) BUKOpHUCTAEMO THIINK CIIOCIO, a came, Ha OCHOBI ITOOY/TIOBU METPHUKH SKOCTI1
Moz HelpoHHOI Mepexi [92]. s 1poro, mpoaHadizyeMo OTpUMaHi JaHl Tabuil
3.2, ne HaBeICHO BIPOTIIHICTh CXOXOCTI UY>KUX 3aIMCIB TOJIOCIB JitoaeH (23 3pa3ku)
3 HAOOpy JaTaceTy 3 E€TAJIOHHUM 3amucaHuM rojiocoMm. [lokazano, MmO A TPHOX
BUITAJIKIB HEHPOHHA Mepeka CIIpalioBajia 3 TIOMHJIKOKO, BU3HAYMBINA XUOHY
HAJISKHICTh J0 €TaJOHHOIO Troyiocy (3pasku mia Homepamu 4,12 ta 18). B saxocri
METPHUKHU SIKOCTI CUCTEMHU BUKOPUCTAHO B POOOTI Bl METPUKH OIIHKH TIPOTHO30BAHO1

cuua mozieni - ROC (Receiver Operating Characteristic curves) ta AUC (Area Under
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the Curve) [92]. Kpusa ROC sBinsie co0oro rpadiuHy 3aieKHICTh JBOX IapaMeTpiB
3MIHM IIBHIKOCTI 3HaueHb — T rue Positive Ratio (TPR) ta False Positive ratio (FPR).

[li mapameTpu BU3HAYAIOTHCS HA OCHOBI TAKUX CITIBBIHOIICHb.

TPR=—2
a+b

FPR=—"
c+d

Je a- ICTUHHO JOJaTHIN pe3ynbTaT (TOOTO, HEWpOHHAa Mepeka BU3HAYAE HE
MPUHAJICKHICTD 3Pa3Ky /10 €TAJOHHOTO TOJIOCY 1 B PEAIbHOCTI TaK 1 €);

b- xubOHO Bix’eMHUH pe3yibTaT (HEHpPOHHA MEpeka IMOKa3ye, M0 Tojioc 3pa3Ky
HAJICKUTH CTAIOHHOMY, aJie HAacCIIpaB/i 1ie HE TaK);

C- XMOHO JTOAaTHIN pe3yNbTaT (HEMpOHHA Mepexka CTBEPIDKYE, IO TOJOC 3pa3Ky
HE HAJIGKUTh €TAJIOHHOMY, a B PEaJIbHOCTI 1€ HE TaK);

d — icTuHHO BiJ’eMHHUI pe3yibTaT (HEHPOHHA MeEpeka IMOKa3ye IO TOJI0C
HAJICXKUTh €TAJIOHHOMY 1 B pEaJIbHOCTI 11€ TIPaBa).

Kpusa ROC 3a ymoBu imeanbHOi poOOTH HEHpPOHHOI Mepexi, Koiu He Oyno 6

TPBOX XHOHUX BU3HAYECHBb Ma€ BUTIIAA.

ROC-kpuBa gns igeHTudikauii ronocy

1.0 4

0.8 “

0.6 s

0.4 1 »7

True Positive Rate (TPR)
\

0.2 7

0.0 +—F = ROC curve (AUC = 1.00)

T T
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate (FPR)

Pucynox 3.18 — Merpuka ROC o11inku mpoTrHO30BaHOI CUCITN MOJIEII TIPH 1/1eabHIN

po0OOTI HEMPOHHOI MEPEXKI CUCTEMU 1IeHTU]IKAITT 32 TOJIOCOM



Jlns oTpuMaHMX JaHuUX ekcrnepuMmeHTy kpuBa ROC

MOKa3aHO Ha pUCYHKY 3.19.

True Positive Rate (TPR)

ROC-kpuBa ons ineHTudikauii ronocy

1.0 1
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— ROC curve (AUC = 0.97)
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Pucynok 3.19 — Merpuka ROC 3 excriepuMeHTy

Metpuka AUC siBnsie co6010 oy mokpuTTs npoctopy mig ROC-kpuBoro 1y

BIJIHOCHUX 3HAauY€Hb, L€l MmapameTp AJId JAAHUX EKCIIEPUMEHTY BHSIBUBCS Ha pIBHI

0,97. ToO6To, MOXHaA CTBEpPKYBaTH, IO OIIHKA SKOCTI Mojeli ckiamae 97% Bin

100% 17151 iaeaIbHOTO BapiaHTy, KOJIM BCl 3pa3ku Oyjau O TOYHO BM3HAUYEHI SIK TaKi,

IO HC HAJICKATb A0 CTAJIOHHOI'O I'OJIOCY. ToO6T0 MOXHA HGpGI[63‘-II/ITI/I, 10 HAIICBHO

pe3yabTatu i Homepamu 4,12 Ta 18 € BUNaAKOBUMH 1 1X MOsIBa MaJIOMMOBIpHA TIPU

30UTbLIEHH] Yacy HaBYaHHS HEMPOHHOI MEpPEXi 3a pPaxyHOK 301IbIICHHS KUJIbKOCTI

3aMuCiB €TAJIOHHOTO TOJIOCY Ha BXO/II 1€ Mepexi.
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BUCHOBKHA

3a miicyMKaM# MPOBEJICHOTO AOCITIKEHHSI MOKHA BIIMITUTH HACTYITHE.

1. Po3pobrmeno HOBY cuctemy ifeHTHdIKamii 3a TOJOCOM Ha OCHOBI
BUKOPHCTaHHS HEMPOHHOI Mepeki 1 IpoBeAeHa ii MepeBipka 3a 5 OKpeMUMU
kputepisiMu. OpUMaHO 3a pe3ysbTaTaMU MOPIBHAHHSA 3 €TaJJOHHUM TOJIOCOM, SIKOMY
HaBYaJach HEMPOHHA Mepexka, 10 MPHU BIPOBAHKEHH] MEBHUX MOU(IKaIiil roiocy,
JUIIE IS IITYYHO CUHTE30BaHOTIO KOMIT IOTEPHOTO TOJI0CY BIPOTIIHICTH CXOMXOCTI 3
€TAJIOHHUM 3pa3koM ckiiaja Beboro juiie 0,0112. B iHmux cuTyarisx, OTpUMaHo 1110
HENpaBUJIBHUN BUTONOC (¢pa3u, yu (¢pa3a BUMOBIECHA EMOILIMHO, YU BUIOJIOC
3p00JIEHO MPU OTOUYIOUOMY IIIYMi, UM CaM roJI0C € 3MIHEHUH, BHACIIIJIOK XBOPOOH, HE
CTaJIM MPUYHMHOIO MOMUJIKOBOI poOOTH cHCTeMH 1eHTu(ikalli 3a rosocoM. ToOTo,
U1 TaHuX MOAU(IKaIii royiocy BIPOTIIHICTH CXOXKOCTI 3 €TaJOHHUM TOJIOCOM B
cepeIHbOMY BUSIBUIIACH HA BUCOKOMY piBHI B Mexax 0,75-0,88.

2. VY A0CKOHaNEHO cucTeMy pO3Mi3HaBaHHA (Ppa3, sKa MOXKE MpaLlOBaTH 3
MOBHHMH CHUTHaJaMH, 3allUCAaHUMH aHIVIIMCBKOIO YM YKPaiHCbKOIO MOBaMH.
[IpoBenena nepeBipka CUCTEMH ISl TPhOX PI3HUX HaBYAIbHUX HAOOPIB 1 3 PI3HOIO
apXITeKTYpOI0 HEHUPOHHUX Mepex (pi3Ha KUIbKICTh MPUXOBAHUX IIApiB Ta PI3HI
MOZIeJIl ONTHUMI3aTOpIB). 3HANWJEHO, M0 HAWKpAIIO CHUCTEMOIO pO3MiI3HABAHHS
YKpPAiHCbKUX CHIB (11 TpeThoro HaOOpy HaBYaJIbHUX CIHIB) CEpel  TPbOX
npencTaBlieHnx Moaudikaiiii BUSBUIACH CUCTEMa 3 9 MPHUXOBAHUMHM IIApaMHu, siKa
MIpY HaBYaHHI BUKOPUCTOBYBajda onTumizarop adam. B 1mipomy BUIagky, OTpUMaHO

3Ha4ueHHs (QYHKLI1 BTpar Ha piBai 1,22x107,

3. 3anponoHOBaHO MOIU(DIKOBAHUHN aITOPUTM JAepeBepOepaltii akyCTUIHUX
CUTHQJIIB 3 BUKOPUCTAaHHSAM HEWpoHHOI Mepexi. CaMi aKyCTU4YHI CUTHAIU
nonepeHb0 OyJI0 3amucaHO Yy TPbOX PIZHUX MNPUMINIEHHSX — JIBI HaBYaJbHI
aynutopii 12 wnaBuampHOTO KOpmycy KIII im. Irops Cikopchkoro Tta moOyTtoBa
kiMHaTa. Jyig 301IbIIeHHST BapiaTUBHOCTI JepeBepOallii B HaBYAIbHUX AaHUX MAJis
CUCTEMU MPOBEJICHA ayrMeHTallis fanux. JIJis HaBuaHHs 1i€i Mepexi oopaHo Halip 3

10000 aymio3anuciB Ta 30UIBIICHO IX KUIBKICTh 32 PAXyHOK ayryMeHTallll JaHuX Ha
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1572 ayniozanucu. OTpUMaHO, IO MPH 3aMKMCI TECTOBOTO CEMILTY YKPaiHCHKOIO
MOBOIO HEWpOHHA Mepeka, He AUBJISYKHCH, II0 HaBYaJlach Ha aHIJIOMOBHOMY
JaTaceTi, Moka3anga CBOI e(EeKTHUBHICTH 3 JepeBepOepariii CUrHairy, 0COOJUBO IIe
MOMITHO JJIsl 4yacoBUX (pparMeHTiB B objyacti 2,2 cek Ta 3,5 cek. lllo ctocyeTrhes
peBepOepOBaHOTO MOBHOTO CHTHaldy, TO BapTO BIAMITUTH 3 aHamizy, IO
peBepOepallisi NpU3BOAUTH JI0 30UIBIICHHS EHEPreTUYHOi CKJIaJ0BOi CUTHAITY. 3
1HIIOTO 0OKY, Taka cama TEHJIEHIIIS, X04 1 He TaK SICKPaBO, MPOCIIIKOBYEThCS 1 JJIs
pe3ynbpTyrodoro curfairy. OcoOnmBO, 1€ MOMITHO B Jiama3oHi Big 4,5 cek sSK Ha
CHEKTpOrpaMi, TaK 1 Ha CUTHAJIOTpaMi. 3a pe3yjbTaTaMU EKCIEPTHUX OIUTYBaHb
AKICTh OTPUMAHUX JepeBepOOBaHUX CUTHAIIB MOKpallyeThes Ha 1.9 — 2.9 nyHkTH 3a
00paHOI0 IIKAJIOK OIIHOK. TakoXX i 3allyMJIEHUX CHUTHaIIB, Ha sKi OyJo
HAKJIAJEHO  peBepOeparlito, CIOCTEPIraeTbCs  Tripmia  SKICTh — MOKpPAICHHS
pO301pJIMBOCTI AJIA POKEBOro 1 Outoro mymy Ha 1.1 Ta 1.2 myHKTH BIANOBIJIHO 3a
IIKAJOK EKCHNEepPTHUX OIiHOK. HartoMicTh, OTpUMaHO TpPOXH Kpally SKICTh
MOKpAIIeHHs po301pJIMBOCTI MOBHOTO CUTHATY IIPU aIMTUBHOMY JI0JIaBaHHI CIpOro Ta
KOPHUYHEBOTO INyMy, 1 B JaHOMY EKCIEpHUMEHTI, I TMOKpalleHHsS 3a JIaHUMH
EKCIIepTIB CKJIaJI0 B cepeaHbOMYy Ha 2.3 Ta 3 TyHKTH 3a OOpaHOK IIKAJIOIO
€KCIIEPHUX OIITHOK.

4, Po3pobsieHa HOBa cucTeMa KJIOHYBAaHHS MOBHHMX CHUTHaIIB Ha OCHOBI
CTBOPEHHSI Ta MIAKIIOYEHHS BiIpa3y TPbOX HEHUpOHHUX Mepex. Jlyisi HaB4aHHS 1uX
Mepex o0paHO BHOIPKH 3 JBOX BIAKPUTHX ClIOBeCHHMX 0a3 manux — LibriSpeech
(anrmiticekiit HaGlp) Ta Mozilla Common Voice (ykpaincbkuii HaOl1p). 3HaiIeHO, 110
CUHTE30BAHMI MOBHUM CHUTHAJI JUIsl OPUTIHAJIBHOI aHINIIMCHKOT (Ppa3u 3alIeKUTh Bij
TOTO YW OpuriHaia OyB 3amucaHuil HOCIEM a00 He HOcieM I1i€i MOBH. CXOXICTb
CUHTE30BaHOTO CEMIUTYy 3 OPHTIHAJIOM (BapiaHT aHTJIIMCHKOI MOBH) CEpell ONMUTAHUX
CTAHOBUTH B CEPEIHBOMY 7.6 ISl HOCISI MOBM aHTJIINCHKOT MOBH Ta 6.7 JJisi HE HOCIS
MOBH, 3a IKayoio OmiHOoK BiAg 0 g0 10 Ha AYMKY rpynu ekcnepTiB. AHaJi3 MMOKa3aB
BHUCOKY CXOXICTh 3 OKPEMHMH CJIOBaMHU OpWIIHAIBHOTO TEKCTy ¢pa3u Ta
CHUHTE30BAHOI0 33 BUKJIIOYEHHSM TOTO, 1110 HEMPOHHI Mepexki BHOCATh NIEBHI 3MIHU B

E€HEePreTUYHUN CIEeKTp CHUTHAJy 1 caM CHUTHaJ, B XOJlI OTPUMAaHUX pE3yJbTaTiB
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BIITBOPIOETHCA a00 TyyHime a0o THXIIIe, HI)K OpUriHal. 3HaiJeHO, 0 CHCTeMa
KJIOHYBaHHS T'OJIOCY MPOBOJAUTH aHAI3 CUTHAJY Ha HAsSBHICTH THIII Ta may3 1 3a iX
HAsBHOCTI BWJIy4Ya€ TPU CTBOPEHHI CHHTE30BAaHOTO curHaimy. JlomaTkoBo, yis
MEepPEBIPKU CUCTEMU C(HOPMOBAHO OPUTIHAIBHI CEMIUIM YKpPaiHCBKOIO MOBOIO 3i
3MIHEHOIO 1HTOHAII€I0, IIBUAKICTIO BHMOBJICHHS CIIB 1 3HAWICHO, M0 TIPH
CIIOBUIBHEHI BHUMOBH TaKO)X CIOBUILHIOETHCS BHMOBAa 1 B TEHEPOBAHOMY MOBHOMY
curHaii. 3a pe3yjabTaTaMH ONMUTYBaHb OTPUMAHO MEHIINY BEJIWYHMHY CXOXKOCTI JJIst
yYKpaiHChKOT MOBHU (cepelmHsl eKCIepTHa OIliHKa JOpiBHIOE 6.3) B TOpIBHSHHI 3
aHTJIHACHKOI0 MOBOIO (CepeaHsi CKCIIEpPTHA OIiHKa aopiBHIOE 7.6). Taki maHi s
BUIIAJIKy YKPAiHCbKOI MOBH Yy MOpPIBHSIHHI 3 aHIIIMCHKOIO MOBOIO, BIPOTIAHO 3a BCE,
CB1/I4aTh, MPO HEOOXIAHICTh HABYAHHS CUCTEMHU Ha OUIbII SAKICHOMY Ha0Opl JaHHUX
YKpaiHChKOi MOBH.

S. [IpoBeneHa oIiHKA SKOCTI pO3pOOJEHUX CUCTEM IUIIXOM BUKOPHUCTAHHS
METO/Iy €KCIIEPTHUX OIIIHOK — JJIsi CUCTEMHU JepeBepOepallii CUTrHajIiB Ta CUCTEMHU
KJIOHYBaHHsI rosiocy. Mg cuctemMu imeHTHdIKalii 3a TOJIOCOM BHKOPUCTAHO [IBi
MeTpukH OImiHKK sKocTi Mozaeni - ROC ta AUC. B octanHbOMy BHIIAIKy METpHKa
AUC cknana 0,97 110 € BUCOKOIO OIIIHKO TPOTHO30BAHOI CHUCIHA MOJCNI CHCTEMH
JUIs. pO3B’s3aHHS 3ajaul Kiacudikaiii 3a MPUHUUIOM “NIpaBUIIbHE BU3HAYCHHS-

XUOHE BU3HAUEHHS .
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JTOJATOK A

IIporpamuuii koa cucremu ifeHTHPiKamLii 3a roJiocomMm

from keras.models import Sequential
from keras.layers import Dense, LSTM, Dropout
from keras.regularizers import 12

model

model.
.add(Dropout(0.3))

.add(LSTM(units=128, return_sequences=True, kernel_regularizer=12(8.0081)))
.add(Dropout(0.3))

model.
.add(Dropout(0.3))
model.

model
model
model

model

model.
.add(Dropout(0.3))
model.
model.

model

model
model

= Sequential()
add(LSTM(units=256, return_sequences=True, kernel_regularizer=12(0.8081)))

add(LSTM(units=64,return_sequences=True, kernel_regularizer=12(0.801)))

add(LSTM(units=32))

add(Dense(units=128, activation='relu', kernel_reqularizer=12(0.0801)))

add(Dense(units=64, activation='relu', kernel_reqularizer=12(08.801)))
add(Dropout(0.3))

.add(Dense(units=32, activation='relu', kernel_reqularizer=12(08.8081)))
.add(Dropout(0.3))
model.

add(Dense(units=2, activation='softmax'))



JIOJIATOK B

IIporpamMuuii KOA CHCTEMH NMOKPALIEHHS PO30ipPJMBOCTI MOBH

inputlayer = [

imageInputlLayer ([256, 256, 1],"Nams","input","Normalization™,"none")

130

convolution2dLayer ([6 €],64, "Name", "convl™, "Padding”, "same", "Stride™, [2 2])

leakyReluLayer (0.2, "Name", "leaky-relul™)];

layers = inputLayer;

layers = [layers;

convolution2dLayer ([6, 61,128, "Name", "conv2","Padding”, "same”,"Stride", [2

batchNormalizationLayer ("Name", "batchnormz™)
leakyReluLayer (0.2, "Name", "leaky-relu2™) ];

layers = [layers;

convolutionZ2dLayer ([6, 61,256, "Name", "conv3i", "Padding”, "same”,"Stride", [2

batchNormalizationLayer ("Name", "batchnorm3™)

leakyRelulLayer (0.2, "Name", "leaky-relu3i™) ];

layers = [layers;

convolution2dLayer ([6, 6],512,"Name","conv4", "Padding”, "same","Stride™, [2

batchNormalizationLayer ("Name", "batchnorm4™)

leakyRelulLayer (0.2, "Name", "leaky-relud™) ];

layers = [layers;

convolution2dLayer([6, 6],512,"Name","convs", "Padding”, "same","Stride", [2

batchNormalizationLayer ("Name", "batchnorm5™)

leakyRelulLayer (0.2, "Name", "leaky-relus")];

layers = [layers;

convolution2dLayer ([6, 61,512, "Name", "convé", "Padding™, "same™, "Stride", [2

batchNormalizationLayer ("Name", "batchnormé™)

leakyRelulLayer (0.2, "Name", "leaky-reluc™)];

layers = [layers;

convolution2dLayer([6, 6],512,"Name™, "conv7","Padding","same", "Stride", [2 2])

batchNormalizationLayer ("Name", "batchnorm7")

leakyRelulLayer (0.2, "Name", "leaky-relui™) ];

layers = [layers;

convolutionZdLayer ([&6, €]1,512, "Name™, "convi@", "Padding”, "same","Stride™, [2 2])

batchNormalizationLayer ("Name", "batchnormB8")

relulayer ("Name", "relui"™)

21)

21)

21)

21)

21)

transposedConv2dLayer ([6, €],512, "Name", "deconv?", "Cropping”, "same", "Stride™, [2 2])

batchNormalizationLayer ("Name", "de-batchnorm7™)
dropoutLayer (0.5, "Name", "de-dropout7")

relulayer ("Name", "de-relui™} ];



layers = [layers;
concatenationLayer (3,2, "Name", "concat7")
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transposedConvZdLayer ([6, €],512,"Name","deconvé", "Cropping”, "same", "Stride™, [2 2])

batchNormalizationLayer ("Name", "de-batchnormé™)
dropoutLayer (0.5, "Name", "de—dropoute™)
relulayer ("Name", "de-relu6c™)];

layers = [layers;
concatenationLayer (3,2, "Name", "concaté")

transposedConvZdLayer([6, €],512,"Name","deconv3","Cropping”, "same", "Stride™, [2 2]}

batchNormalizationLayer ("Name", "de-batchnorms5™)
dropoutLayer (0.5, "Name", "de-dropout5™)

relulayer ("Name", "de-relus™)];

layers = [layers;

concatenationlLayer (3,2, "Name", "concat5")

transposedConvZdLayer([6, €],512,"Name","deconv4", "Cropping”, "same", "Stride™, [2 2]}

batchNormalizationLayer ("Name", "de-batchnorm4™)

relulayer ("Name", "de-relud™)];

layers = [layers;

concatenationlLayer (3,2, "Name", "concat4")

transposedConvZdLayer([6, €],256, " "Name", "deconv3", "Cropping”, "same", "Stride™, [2 2]}

batchNormalizationLayer ("Name", "de-batchnorm3™)

relulayer ("Name", "de-relu3™)];

layers = [layers;

concatenationlLayer (3,2, "Name", "concat3")

transposedConvZdLayer([6, €],128,"Name", "deconvZ","Cropping”, "same", "Stride™, [2 2]}

batchNormalizationLayer ("Name", "de-batchnorm2™)
relulayer ("Name", "de-relu2™)];

layers = [layers;
concatenationLayer (3,2, "Name", "concati™)

transposedConv2dLayer ([6, €],64, " "Name", "deconvl"™, "Cropping”, "same™, "Stride", [2 2])

batchNormalizationLayer ("Name", "de-batchnorml™)

relulLayer ("Name", "de-relul™)];

layers = [layers;

concatenationLayer (3,2, "Name", "concatl™)

transposedConv2dLayer ([6, €]1,1,"Name", "deconvil", "Cropping”, "same","Stride", [2 2]1)

tanhLayer ("Name", "de—-tanh0")];

layers = [layers;

regressionlLayer ('Mames', "output")];

unetLayerGraph = layerGraph (layers);

unetLayerGraph = connectlLayers (unetlLayerGraph, "leaky-relul”, "concatl/in2");

unetLayerGraph = connectLayers (unetLayerGraph, "leaky-relul2™, "concat2/in2");
unetLayerGraph = connectLayers (unetLayerGraph, "leaky-relu3™, "concat3/in2");
unetlLayerGraph = connectLayers (unetLayerGraph, "leaky-relud", "concatd,/in2"™) ;
unetlLayerGraph = connectLayers (unetLayerGraph, "leaky-relus", "concats/in2"™) ;
unetlLayerGraph = connectLayers (unetLayerGraph, "leaky-relué", "concaté,/in2™) ;

unetLaverGraph = connectLayers (unetlLayverGraph, "leaky-relu7", "concat?/in2") ;



Enkonaep:

JIOJIATOK B

IIporpamMHuii KO CUCTEMU KJIOHYBAHHS r0J0CY

import torch

import torch.nn as nn

import numpy as np

from torch.nn.utils import clip_grad_norm_
from scipy.interpolate import interpld
from scipy.optimize import brentg

from sklearn.metrics import roc_curve

class Encoder(nn.Module):

def

def

def

__init__(self, compute_device, loss_compute_device):
super().__init__()
self.loss_compute_device = loss_compute_device

self.recurrent_block = nn.ModuleList([
nn.LSTM(input_size=48, hidden_size=256, batch_first=True).to(compute_device),
nn.LSTM(input_size=256, hidden_size=256, batch_first=True).to(compute_device),
nn.LSTH(input_size=256, hidden_size=254, batch_first=True).to(compute_device)
D

self.dense_layer = nn.Linear(in_features=256, ouvt_features=256).to(compute_device)
self.activation = nn.ReLU().to(compute_device)

self.similarity_scale = nn.Parameter(torch.tensor([10.]1)).to(loss_compute_device)
self.similarity_offset = nn.Parameter(torch.tensor([-5.])).to(loss_compute_device)

self.loss_function = nn.CrossEntropylLoss().to(loss_compute_device)

adjust_gradients(self):

self.similarity_scale.grad == 0.01
self.similarity_offset.grad %= 0.01
clip_grad_norm_(self.parameters(), max_norm=3, norm_type=2)

forward(self, input_sequences, init_hidden_state=None):
output = input_sequences
for lstm_layer in self.recurrent_block:
output, (hidden_state, cell_state) = Llstm_layer(output, init_hidden_state)

feature_vector = self.activation(self.dense_layer(hidden_state[-1]))

132

normalized_vector = feature_vector / (torch.norm(feature_vector, dim=1, keepdim=True) + 1le-5)

return normalized_vector



def compute_similarity(self, embeddings):
num_speakers, num_samples = embeddings.shape[:2]

avg_centroids =
avg_centroids =

excl_centroids
excl_centroids

similarity_mat
exclusion_mask
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torch.mean(embeddings, dim=1, keepdim=True)
avg_centroids.clone() / (torch.norm(avg_centroids, dim=2, keepdim=True) + le-5)

(torch.sum(embeddings, dim=1, keepdim=True) - embeddings) / (num_samples - 1)
excl_centroids.clone() / (torch.norm(excl_centroids, dim=2, keepdim=True) + 1le-5)

torch.zeros(num_speakers, num_samples, num_speakers).to(self.loss_compute_device)
1 - np.eye(num_speakers, dtype=np.int32)

for i in range(num_speakers):
excluded_indices = np.where(exclusion_mask[i])[8]
similarity_mat[excluded_indices,

similarity_mat[i,

1, 1] = (embeddings[excluded_indices] # avg_centroids[i]).sum(dim=2)
1, i1 = (embeddings[i] % excl_centroids[il).sum(dim=1)

similarity_mat = similarity_mat #* self.similarity_scale + self.similarity_offset
return similarity_mat

def compute_loss(self, embeddings):
num_speakers, num_samples = embeddings.shapel:2]
similarity_scores = self.compute_similarity(embeddings)
similarity_scores = similarity_scores.view((num_speakers # num_samples, num_speakers))

expected_labels

target_labels

= np.repeat(np.arange(num_speakers), num_samples)
torch. from_numpy(expected_labels).long().to(self.loss_compute_device)
loss_value = self.loss_function(similarity_scores, target_labels)

with torch.no_grad():
convert_labels = lambda idx: np.eye(1l, num_speakers, idx, dtype=np.int32)[e]
label_vectors = np.array([convert_labels(idx) for idx in expected_labels])

predictions = similarity_scores.detach().cpu().numpy()
false_pos_rate, true_pos_rate, _ = roc_curve(label_vectors.flatten(), predictions.flatten())
eer_value = brentg(lambda x: 1. - x - interpld(false_pos_rate, true_pos_rate)(x), 0., 1.)

return loss_value, eer_value
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Bokoaep:

class Vocoder(nn.Module):
def __init__(self, hidden_dim=896, quant_levels=256):
super(Vocoder, self).__init__()

self.hidden_dim = hidden_dim
self.half_hidden = hidden_dim // 2

self.hidden_transform = nn.Linear(self.hidden_dim, 3 * self.hidden_dim, bias=False)

self.fcl = nn.Linear(self.half_hidden, self.half_hidden)
self.fc2 = nn.Linear(self.half_hidden, quant_levels)
self.fcd = nn.Linear(self.half_hidden, self.half_hidden)
self.fc4a = nn.Linear(self.half_hidden, quant_levels)

self.input_proj_coarse = nn.Linear(2, 3 * self.half_hidden, bias=False)
self.input_proj_fine = nn.Linear(3, 3 % self.half_hidden, bias=False)

self.bias_gate = nn.Parameter(torch.zeros(self.hidden_dim))
self.bias_reset = nn.Parameter(torch.zeros(self.hidden_dim))
self.bias_candidate = nn.Parameter(torch.zeros(self.hidden_dim))

def forward(self, previous_sample, previous_state, coarse_sample):
transformed_hidden = self.hidden_transform(previous_state)
gate_hidden, reset_hidden, candidate_hidden = torch.split(transformed_hidden, self.hidden_dim, dim=1)

coarse_transformed = self.input_proj_coarse(previous_sample)
gate_coarse, reset_coarse, candidate_coarse = torch.split(coarse_transformed, self.half_hidden, dim=1)

fine_input = torch.cat([previous_sample, coarse_sample], dim=1)
fine_transformed = self.input_proj_fine(fine_input)
gate_fine, reset_fine, candidate_fine = torch.split(fine_transformed, self.half_hidden, dim=1)

gate_combined = torch.cat([gate_coarse, gate_fine], dim=1)
reset_combined = torch.cat([reset_coarse, reset_fine], dim=1)
candidate_combined = torch.cat([candidate_coarse, candidate_fine], dim=1)

update_gate = torch.sigmoid(gate_hidden + gate_combined ¢ self.bias_gate)
reset_gate = torch.sigmoid(reset_hidden + reset_combined + self.bias_reset)

candidate_state = torch.tanh(reset_gate * candidate_hidden + candidate_combined + self.bias_candidate)

new_hidden_state = update_gate * previous_state + (1. - update_gate) * candidate_state
coarse_part, fine_part = torch.split(new_hidden_state, self.half_hidden, dim=1)

coarse_output = self.fc2(F.relu(self.fcl(coarse_part)))
fine_output = self.fc4(F.relu(self.fc3(fine_part)))

return coarse_output, fine_output, new_hidden_state

def initialize_hidden(self, batch_size=1):
return torch.zeros(batch_size, self.hidden_dim).cuda()



Cunre3arop:

import numpy as np

import torch

import torch.nn as nn

import torch.nn.functional as F

class Highway(nn.Module):

def

__init__(self, size):

super().__init__()

self.gate_layer = nn.Linear(size, size)
self.transformation_layer = nn.Linear(size, size)
self.transformation_layer.bias.data.fill_(08.)

forward(self, x):

transformed = self.transformation_layer(x)

gate = torch.sigmoid(self.gate_layer(x))

output = gate * F.relu(transformed) + (1 - gate) * x
return output

class Encoder(nn.Module):

def

def

def

__init__(self, embedding_dim, vocab_size, hidden_dim, kernel_size, num_highways, dropout_rate):
super().__init__()

self.embedding_layer = nn.Embedding(vocab_size, embedding_dim)

self.preprocessor = PreProcessor(embedding_dim, hidden_dim, dropout_rate)
self.feature_extractor = FeatureProcessingUnit(kernel_size, hidden_dim, num_highways)

forward(self, x, speaker_embed=None):
X = self.embedding_layer(x)
X = self.preprocessor(x)
X = x.transpose(l, 2)
x = self.feature_extractor(x)
if speaker_embed is not None:
¥ = self.combine_with_speaker_embedding(x, speaker_embed)
return x

combine_with_speaker_embedding(self, x, speaker_embed):

batch_size, seg_length = x.shape[:2]

speaker_embed = speaker_embed.repeat_interleave(seq_length, dim=1).view(batch_size, seq_length, -1)
¥ = torch.cat((x, speaker_embed), dim=2)

return X

class NormConv(nn.Module):
def __init__(self, in_channels, out_channels, kernel_size, activation=True):

def

super().__init__()
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self.conv_layer = nn.Convld(in_channels, out_channels, kernel_size, padding=kernel_size // 2, bias=False)

self.morm_layer = nn.BatchNormld(out_channels)
self.activation = activation

forward(self, x):

x = self.conv_layer(x)

x = F.relu(x) if self.activation else x
return self.norm_layer(x)



class FeatureProcessingUnit(nn.Module):

def

def

__init__(self, kernel_size, channels, num_highways):
super().__init__()
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self.conv_layers = nn.ModuleList([NormConv(channels, channels, k) for k in range(1, kernel_size + 1)])

self.maxpool = nn.MaxPoolld(2, stride=1, padding=1)
self.highways = nn.ModuleList([Highway(channels) for _ in range(num_highways)])
self.recurrent_layer = nn.GRU(channels, channels // 2, batch_first=True, bidirectional=True)

forward(self, x):
residual = x
conv_results = [conv(x) for conv in self.conv_layers]
x = torch.cat(conv_results, dim=1)
X = self.maxpool(x)
X += residual
x = X.transpose(l, 2)
for highway in self.highways:
¥ = highway(x)
X, _ = self.recurrent_layer(x)
return x

class PreProcessor(nn.Module):

def

def

__init__(self, input_dim, hidden_dim, dropout_rate):
super().__init__(Q)

self.fcl = nn.Linear(input_dim, hidden_dim)
self.fc2 = nn.Linear(hidden_dim, hidden_dim // 2)
self.dropout_rate = dropout_rate

forward(self, x):

X = F.relu(self.fcl(x))

X = F.dropout(x, self.dropout_rate, training=True)
X = F.relu(self.fc2(x))

X = F.dropout(x, self.dropout_rate, training=True)
return x

class NeuralAttention(nn.Module):

def

def

__init__(self, attn_dim):

super().__init__()

self.key_transform = nn.Linear(attn_dim, attn_dim, bias=False)
self.score_layer = nn.Linear(attn_dim, 1, bias=False)

forward(self, encoder_outputs, guery):

transformed_guery = self.key_transform(guery).unsqueeze(l)

scores = self.score_layer(torch.tanh(encoder_outputs + transformed_query))
return F.softmax(scores, dim=1).transpose(l, 2)

class Decoder(nn.Module):

def

__init__(self, mel_dim, encoder_dim, decoder_dim, rnn_dim, dropout_rate, speaker_embed_size):
super().__init__(Q)

self.mel_dim = mel_dim

self.prenet = PreProcessor(mel_dim, decoder_dim * 2, dropout_rate)

self.attention_layer = NeuralAttention(decoder_dim)

self.decoder_rnn = nn.GRUCell(encoder_dim + decoder_dim #* 2 + speaker_embed_size, decoder_dim)
self.rnn_input = nn.Linear(encoder_dim + decoder_dim + speaker_embed_size, rnn_dim)
self.rnn_layers = [nn.LSTHCell(rnn_dim, rnn_dim) for _ in range(2)]

self.mel_projection = nn.Linear(rnn_dim, mel_dim, bias=False)
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def forward(self, encoder_outputs, prenet_input, hidden_states, context, t):
prenet_out = self.prenet(prenet_input)
attn_rnn_input = torch.cat([context, prenet_out], dim=-1)
hidden_states[8] = self.decoder_rnn(attn_rnn_input.squeeze(1), hidden_states[o])
attn_scores = self.attention_layer(encoder_outputs, hidden_states[6])
context = attn_scores @ encoder_outputs
context = context.squeeze(l)
ron_input = torch.cat([context, hidden_states[o]], dim=1)
ron_input = self.rnn_input(rnn_inputﬂ
for 1 in range(len(self.rnn_layers)):
hidden_states[i + 1], _ = self.rnn_layers[il(rnn_input, hidden_states[i + 1])
mel_output = self.mel_projection(hidden_states[-1])
return mel_output, attn_scores, hidden_states, context

class Tacotron(nn.Module):
def __init__(self, embed_dims, vocab_size, encoder_dims, decoder_dims, mel_dim,
fft_bins, num_highways, dropout, speaker_embed_size):
super().__init__()
self.encoder = Encoder(embed_dims, vocab_size, encoder_dims, 16, num_highways, dropout)
self.decoder = Decoder(mel_dim, encoder_dims, decoder_dims, decoder_dims, dropout, speaker_embed_size)

def forward(self, x, mels, speaker_embedding):

encoder_outputs = self.encoder(x, speaker_embedding)

prenet_input = torch.zeros(mels.shape[8], mels.shape[l], device=mels.device)

hidden_states = [torch.zeros_like(prenet_input) for _ in range(3)]

context = torch.zeros_like(prenet_input)

mel_outputs = []

for t in range(mels.shape[2]):
mel_out, attn_scores, hidden_states, context = self.decoder(encoder_outputs, prenet_input,

hidden_states, context, t)

mel_outputs.append(mel_out)

return torch.cat(mel_outputs, dim=2)



