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«KwuiBcrknit nomitexHiuHui iHCTUTYT iMeHi [rops Cikopchkoroy

AHAJII3 TPOBJIEM METOAIB PO3III3HABAHHA MOBJIEHHA

Aemomamuune posnisHasanus moeienns (Automatic Speech Recognition, ASR) € oomiero 3 Kaouo6ux
mexHon02itl y cghepi 06pobKu npupoOHOi MOSU, WO 3a0e3neuye nepemeopeHHsi ay0ioCUSHANIB THOCLKOL MOBU 6
mekcm. L{si mexnonozis 6idiepae yeHmpaibHy poiby CMEOPEeHHI 20/10CO8UX IHmep@eticis, cucmem mpaHcKpunyii,
ABMOMAMUYHO20 NEPEKNady, a MAKONC iHmenekmyanorux dooamkie 0ist lnmepuemy peueii (IoT). V cyuacnomy
cgimi, 0e nonum Ha epekmusHy 63aemMooito 1oOUHU 3 Komn tomepom spocmac, ASR nabysae cmpameziunozo
3HAUeHHs. 3a NpoSHO3aMU AHANIMUKIE, 2N00ANbHULL PUHOK MEXHOA0I PO3NIZHABAHMS MOGIEHHS 00CAcHe
30 minvapdie oonapie do 2028 poky, wo 8idodpaxicac cmpimke 3pOCManHs iHmepecy 00 0a2amomMoSHUX i
adanmugHux cucmem. Y konmexcmi Yxpainu po3podxa konxypenmocnpomodicuux ASR-cucmem mae ocodonuse
3HAYEHHS, OCKLIbKU CHpUsi€ THmMeepayii HAylOHANIbHUX [HOOPMAYIIHUX MEXHONO2I Y 2100aNbHUl PUHOK
i niosuwjennio mexnono2iunoi Hezanexchocmi. CyyacHi GUKAUKU, MAKI K HU3LKA MOYHICMb Y ULYMHUX
YMOBAX, 0OMeEdCEHA NIOMPUMKA PIOKICHUX MO8 | Jid1eKmis, 8UCOKA 0OUUCTIOBAIbHA CKAAOHICMb | MPYOHOW
3 KOHMEKCMHUM AHALI30M, NOMPeOYIomb [HHOBAYIUHUX piuleHb. Y yitl cmammi nposedeHo ananiz npooiem
cyyacHux memoois ASR, posensinymo ixui 06medicents ma 3anponoHo8aHo CiopuoHUL Memoo K nepcnekmugHull
Hanpsm eupiwiennsi. [Ipakmuyna yinuicms 00CIONCEHHs NOASA2AE 8 OOIPYHMYBAHHI cmpamezitl 08U eHHS
egpexmusnocmi ASR-cucmem, a nepcnexmugu 6KkaOUAOMy iHMe2Payiio 3 CeMAnmMuyHUM aHATI30M i pO3POOKY
eHepeoehekmusHUX piuleHb 0Ji HOCUMUX NPUCTPOIS.

Ananiz nimepamypu 3 numanb AGMOMAMUYHOLO PO3NI3HABAHHS MOBJIEHHS NOKA3YE WUPOKULL CHEeKmp
MemoO0i8, SAKi BUKOPUCTOBYIOMbCA 01 GUPTUEHHS Yb020 3a60aHHs. Tpaduyiiini nioxoou, maki sik NPUXo8aHi
maproscvki mooeni (HMM) i eayccosi cymiwi (GMM), 6yau ocrosorw pannix ASR-cucmem, maxux sk Kaldi.
HMM egpexmusno modenoroms uacogy nOCiio08HICMb ayOioCUSHALI8, 3a0e3neyyrouu WEUOKY CeeMeHmMayiro
Gonemuunux oounuys. Ilpome ixua uymausicme 0o wymy (Word Error Rate, WER, uacmo nepesuwye
20% npu gionowenni cuenan/wym, SNR, 0—10 0b) i 3anedxcnicmo 6i0 seruxux 00csa2i6 aHOMOBAHUX OAHUX
obmedicylomb iXHI0 YHigepcaibHicmb. Memoou MAuunHO20 HAGUAHHS, 30KpeMd MAUUHU ONOPHUX BEKMOpI8
(SVM) i3 neninitinumu sopamu, maxumu sk RBF, 0emoncmpyioms eucoky mounicmo Kiacugixayii ponem y
Koumponvosarux ymosax (WER ~10—15% npu SNR >20 0b). Oonax SVM nompebytoms 3naunux o6csieie
OQHUX [ NO2AHO CHPABISAIOMbCS 3 KOHMEKCHUM AHANI30M, WO VCKAAOHIOE 00POOKY OMOMIMIG | CKAAOHUX
CUHMAKCUYHUX cmpykmyp. 3 nos601o 2iuboK020 HAGYAHHA MEeMOoOU, 3ACHOBANI HA 320PMKOBUX HEUPOHHUX
mepeacax (CNN), pexypenmuux neupounux mepedcax (RNN) i mpancghopmepax, 3nauno noKpawuiu sSKicms
posnisnaeanns. Hanpuxiao, cucmema DeepSpeech 6i0 Mozilla docseae WER <10% y wucmux ymosax,
a Whisper 6io OpenAl niompumye dacamomosHi cyenapii. Ilpome mpancgopmepu, maxi sik BERT abo
XLM-RoBERTa, nompebdyroms 3uaunux oduucmosanviux pecypcié (>2 I'B nam’ami, >4 I'®DJIOIIC), wo
pobums ix Henpudamuumu OJisi pecypcooomedicenux naam@popm, maxux sk loT-npucmpoi yu cmapmeponu.
Kpim moeo, niompumxa pioKicHUX M08, Maxkux sK KPUMCbKOMAMAPCbKA, CYAXI YU Keuyd, 3a1Utacmvbcs
cnabkoro yepes bpax mpenysanorux oanux (WER >30-40% ons maxux mos). Jlimepamypa maxoic 6kazye Ha
npodaemMu 3 KOHMEKCTMHUM AHATIZ30M. CYHACHT CUCTNEMU NO2AHO PO3PI3HAIOMb OMOHIMU (Hanpukiad, «leady sax
«BECTNLY YU «C8UHEYDY) | CUHMAKCUYHI KOHCIMPYKYTT 8 peanbHOMY Yaci. Ananiz noKasye, o sHeooeH oKpemull
Memoo He UpiuLye 8Cix npoobiem, wo nioKpeciroe nompedy 6 2iopudHUX nioxooax, ki NOEOHYIOMb WUEUOKICHb
HMM, cmitikicmos SVM i konmexcmuy cuny mpaucgopmepis.

Ocnosni npobaemu cyuwacuux ASR-cucmem mooicna cucmemamu3zyeamu 3a KilbKoMa HANPAMAMU.
Tlo-nepuie, HU3bKA MOUHICIb Y UWYMHUX YMOBAX € KPUMUUHOIO NEPeuKo00io. ¥ peanvuux cyenapisx, makux
K Kaghe, 2poMAOCLKULL MPAHCNOPM YU NPOMUCI08E 00 ekmu, 6i0HOuen s cueHan/wym (SNR) wacmo nadae
00 0—10 05, wo npuzsooumsv 0o WER > 15-20% nasims 015 nepedosux cucmem, maxux sik Whisper. Tpaouyivini
memoou, maxi sik HMM i GMM, ocobruso epaznugi 00 wiymy uepes ixuio 3a1edCHICIb 80 CMAMUCIUYHUX
npunyujers, mooi sik 2auboki Heupouni mepedici (DNN) nompedyiomsv cKiaoHux mexanizmie Qinbmpayii,
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MaxKux K CNeKmpaivbhe GiOHIMaHHs yu adanmueni Qirempu. Ilo-Opyze, obmedicena niompumra pioKiCHUX
Mo8 1 dianexmie cmeoproe oap’epu 01 yugposoi inkarosii. Hanpuxiaod, 0ns mMos i3 oomedceHumu 0anumi,
MAKUx AK KpUMCbKOmamapcoka 4u cyaxini, oocmynui nabopu danux (Common Voice, Fleurs) micmamo
auwe 50—-100 eodun aydio, wo HedocmamHvo ONsi Hag4aHHs mpancgopmepie (nompiono >1000 2o0un
onsa WER <10%). Lle konmpacmye 3 nowupeHumu MoO8aAMY, MAKUMU K AHSAIUCOKA YU MAHOAPUHCHKA, Oe
WER mooice 6ymu 3uugicerno 0o 5—7%. I[lo-mpeme, sucoka oO4UCTIO8ANbHA CKIAOHICMb CYUACHUX MOOenell
€ 3HAYHOIO NEPewKoool0 OJisl IXHbO2O PO32OPMAHHA HA eHepzoegexmusnux niamgopmax. Hanpuxnao,
mpancpopmepu muny XLM-RoBERTa nompebyioms >2 I'B nam’ami ma nomyxcnux GPU, wo pobums ix
nHenpuoamuumu 011 loT-npucmpois, maxux sx Raspberry Pi uu pozymui xonouku. Hagimv onmumizosani
mooeni, maxi ax wav2vec 2.0, maromo 3ampumxy oopobxu >150 mc, wo nepesuwgye uMoeu peanrbHO20
yacy (<100 mc). Ilo-uemeepme, mpyoHowyi 3 KOHMEKCMHUM AHANIZ0M YCKIAOHIOIOMb 00POOKY OMOMIMIE,
CUHMAKCUYHUX CcmpyKmyp 1 6acamomosHux cyenapiie. Hanpuxnao, y 3miulaHux MOBHUX cepedosuiyax
(aneniticoka + YKpaincvoka) cucmemu 4yacmo NIYMaioms cXoxci oHemMu 4y HenpasuibHo IHMepnpemyons
cunmaxkcuc. Lfi npobremu nioxpecnioromv HeoOXiOHICMb HOGUX MemOO0i8, AKI NOECOHYIOMb WEUOKICMb,
cmiliKicms | KOHMEKCMHY MOYHICNb.

3anpononosane piwennss y cmammi 6a3yemvcsa Ha po3pooyi 2ibpuoH020 Memoody pPO3NI3HABAHHS CI6,
AKull inmezpye npuxogami mapkoscoki mooeni (HMM), mawunu onopnux eéexmopis (SVM) i mpancghopmepu
013 nodonanus 3aznavenux npoonem. HMM euxopucmogyromuvcsa 0as weuokoi ceemenmayii ay0iocueHary
Ha onemuuni 0ouHuyi, 3ab6e3neuyrouu 3ampumxy oopooxku <100 mc, wo KpumuuHo 018 PearbHO20 UAC).
3asosku cmamucmuynomy mooemnoeannio HMM eghexmueno posdousarome aydio Ha ceemenmu HAGIMb )
WYMHUX YMOBAX, Xoud iXHsa mounicmyv oomedncena (WER ~20% npu SNR 0—10 0b). [ns niosuwenns mounocmi
Kaacugixayii ponem 3acmocosyromuvca SVM i3 weninitinum saopom RBE axi demoncmpytoms cmitikicms 00
wymy (ouikysanuit WER <10% npu SNR 0-10 0b) i 30amuicmov npayrosamu 3 MeHwumMu 06cseamu 0aHux
nopienano 3 DNN. Tpancgopmepu, 30xpema moodens XLM-RoBERTa, euxopucmogyomuvcs 05t KOHMeKCmHO20
ananizy, wo 00360J€ 0OPOONAMU OMOHIMU, CUHIMAKCUYHI CIMPYKmMYpu ma 6aecamomosHi cyenapii. Hanpuxiao,
MOHKe HANAWmMY8anHsa mooeni na oomesxcenux oanux (50—100 2o0un ayodio) 3abe3neuye niompumxy piokicnux
MO8, maxkux AK Kpumcvkomamapcvka, i3 WER <I15%, wo 3uauno nepesepuiye Komepyitini cucmemu
(WER >30%). Apximexmypa memooy 6Kmo4ae adanmugny nonepeonto 00pooKy ayoio 3 GUKOPUCTHAHHAM
Wiener filter ona euoanenns wiymy, 6umseHenHs mei-4acmomuux xencmpanvux xoegiyienmie (MFCC) i
aemomamuunoeo xoumpoato nocunenss (AGC). [na 3abe3nevenns enepeoeheKmugHoOCmi 3acmoco8yiombcsl
ONMUMI3AYIUHI MEeXHIKU: OUCMUTIO8AHHA MOoOeni (3meHulenns posmipy na 40%), keammyeanmns (8-6immue
npedcmasnents napamempis) i nomoxkoga obpooxa ayodio (100-mc ppacmenmu). Lle snudxicye cnojrcusamnms
nam’ami 0o <500 MDb, poonsuu memoo npudamuum oaa loT-npucmpois, maxux ax cmapmeonu 4y po3ymmi
Kononxu. Ilopiensano 3 icHyrouumu memooamu, 2iopuonul nioxio 3abesneuye Kpawuti OALaHc M WUEUOKICTIO
(3ampumxa <100 mc), mounicmio (WER <10%) i ynigepcanvricmio (niompumxa 6cix Mos), o pooums 1o2o
NepCneKmuGHUM 0151 KOMEPYIUHUX I HAYKOBUX 3ACTHOCYBAHD.

Knwuogi cnosa: posniznasanus MoG1eHHs, AGMOMAMUYHE POZNIZHABAHNS MOBIEHHS, 2iOpUOHT Memoou,
NPUXOBAHT MAPKOBCHKI MO0, MAWUNHU ONOPHUX 8eKMOPI6, mpanchopmepu, MawuHHe HAGUAHHS, 2nUOOKe
HasuanHs, PiOKicHi mosu, peanvuutl yac, loT.

IocranoBka mnpodieMH. ABTOMATHUHE pO3- LIEHHS TOYHOCTI, YHIBEPCATBLHOCTI Ta €(PEKTUBHOCTI

ni3HaBaHHST MoBJIIeHHS (ASR) € 0CHOBOIO ISt CTBO-
pPEHHSI 1HTEJEKTyaJbHUX TOJIOCOBUX I1HTEPQEHCIB,
CHUCTEM TpaHCKpHIIii, nepekiany ta loT-momaTkis.
[Ipore cy4acHi METOOM CTHUKAIOTHCS 3 HU3KOIO IMPO-
OnmeM: HU3bKA TOYHICTh y IIYMHHX YMOBax (HaIpu-
Knaja, kade, TpaHCIIOPT), OOMEXKeHa IMiITPUMKA Piji-
KICHUX MOB 1 [I1aJIeKTiB, BHCOKAa OOYHCIIIOBajbHA
CKJIATHICTh 1 TPYOHOIII 3 KOHTEKCTHHM aHaJi30M
(OMOHIMH, CHHTAaKCU4HI CTPYKTypH). Lli oOMexxeHHs
YCKJIQJHIOIOTh PO3POOKY YHIBEpCAIBHUX CHCTEM,
3MAaTHUX TPAMIOBAaTH B PeaJlbHOMY dYaci Ha PIi3HUX
amaparHuX MiargopMax, BKIIOYa0un pecypcoedek-
tuBHI loT-puctpoi. Ananiz npodnem meromiB ASR
€ BAXJIMBMM HAyKOBUM 1 NPAaKTUYHUM 3aBIAHHSM,
OCKUIBKM CHpUSi€ BH3HAUEHHIO CTpaTeridi ImiJaBu-

CHCTEM pO3Mi3HaBaHHSA MoOBIeHH: [1, c. 12].

AHani3 ocCTaHHIX [I0cCJigxKeHb i myOaikauiii.
Cyuacni meroqu ASR BKIIOYalOTh TpaaMUiiiHI Ta
iHHOBaIiitHI miaxoaw. [IpruxoBaHi MapKOBCHKI MOZEIi
(HMM) edekTHBHO MOJIENIOITh TTOCHTIIOBHOCTI
(oHeM, BUKOPUCTOBYIOUM Mel-4acTOTHI KencTpalibHi
koedimieatn (MFCC), ane iXHS TOYHICTH 3HIKY-
€TbCA B IIYMHUX yMOBaX d4epe3 ciadKy CTiHKICTh
mo mepemtkon [2, ¢. 125]. Dynamic Time Warping
(DTW) migxoauth Juist 130JbOBaHUX CJIIB, ajieé HE
CHpAaBISIETBCS 3 OE3IEePepBHUM MOBJICHHSIM 4epe3
OOMEXKEHHSI B aHali3i TPUBAIMX MOCIiAOBHOCTEH
[3, c. 47]. Gaussian Mixture Models (GMM), gacto
koMOiHOBaHi 3 HMM, uyTinuBi 10 mymy i nmorpedy-
FOTh BEJTUKUX OOCSTIB JaHUX JUIs HaB4aHHS [4, ¢. 90].
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MeTtoau MalIMHHOTO HaBYaHHS, Taki K Support
Vector Machines (SVM), 3a0e3neuyioTs CTilKy
kinacudikamito (oHem, ane IxHA e(EKTUBHICTh
3aJIEKUTH BiJl AKOCTI Ta 0OCATY JaHUX, IO YCKIIaI-
HIOE TATPUMKY PiIKiCHHX MOB [5, c. 68]. [nmboxe
HaBuaHHS, 30kpema 3ropTkoBi (CNN) i pekypeHTHi
HeliponHi wmepexi (RNN), mokpamiye TOYHICTH
y 0araToMOBHHX CIICHApisX, aje BHMarae 3HaYHUX
o0uuciIIoBaNIBHUX pecypciB [6, ¢. 235]. Tpaucdop-
MmepH, taki sk Whisper i XLM-RoBERTa, edekruBai
JUIT KOHTEKCTHOTO aHalli3y 3aBOIKH MEXaHi3My
yBaru, ajie iXHs CKJIaJHICTh OOMEXY€E 3aCTOCYBAHHS
Ha MPUCTPOSIX 13 HU3BKUMU pecypcami [7, c. 158].

HeBupimeni 4wactuHm 3aranbHoi  mpoOiemMu
BKJIFOYAIOTh!

— HepnocrarHio CTIHKICT 10 TTyMY, IO TTPH3BO-
muth 10 Word Error Rate (WER) >15% y peanpHmX
yMOBax.

— OOMexeHy MiATPUMKY PIIKICHUX MOB 4epe3
Opax JaHUX [T HAaBYaHHSI.

— Bucoky 3arpumky o0poOku (>200 mc), 1o
HECYMICHA 3 peaJbHIM YacoM.

— Huspky  apmanTuBHICTH OO  amapaTHHUX
oomexenb loT-mpuctpoiB  (oOMekeHa Tam’ATh,
EHEPrOCIIOKUBAHHS).

lopunni meronu, mo noeanyrots HMM, SVM
1 TpaHchopMepH, MPOMOHYIOTbCS SK PIlICHHS, aje
noTpeOyroTh TOAANBIIOTO aHaNi3y IXHIX mpolieM
1 uIxiB ontuMmizamii [8, ¢. 103].

®DopmyItoBaHHS ITiJIeH CTaTTi

IHocTranoBka 3aBnaHHs. MeToro CTaTTi € aHami3
npoOsieM CydacHHX METOIB pO3Mi3HaBaHHS MOB-
JICHHSI T4 BHM3HAUCHHS IEPCIEKTHB iX BHPIIICHHS
JUTSI CTBOPEHHS yHIBEpCaNbHUX 1 epekTuBHIX ASR-
cucTeM. 3aBJaHHs:

1. BusBuTH KITIO4OBI TPOOIEMH TpPaTUIIHHAX
i cydacHux metoniB ASR.

2. IlpoanamizyBaTH BIUIMB IIyMY, PIAKICHUX MOB,
OOUHUCITIOBAILHOI CKIIAIHOCTI Ta KOHTEKCTHOTO aHa-
i3y Ha €(PEKTUBHICTh METOIIB.

3. OuwiHUTH HEBUPIMICHI TUTAHHS Ta IXHIH BIUTIB
Ha YHIBEPCAJILHICTh 1 peaNbHUN Yac.

4. 3anponoHyBaTu HanpsMH BUPIIIICHHS
npoOieM, BKJIIOYAKOUM TIOPWAHI  MIXOaU  Ta
OIITHUMI3AIIIIo.

5. BusHauWTH TEPCTIEKTHBHU TMOMAIBITUX HOCITI-
ToKeHb y chepi ASR.

Bukaaa ocHoBHOro marepiamy. AHami3 mpo-
O;meM  METOJIB  aBTOMATHYHOTO  PO3Ii3HABaHHS
MoBnieHHsT (Automatic Speech Recognition, ASR)
MPOBEICHO 3a YOTHPMA KIIOUOBUMHU ACIICKTaMHU:
HU3bKa CTIMKICTH MO HIyMy, OOMEXeHa MiATpUMKA
pPIOKICHHX MOB, BHCOKa OOYHCIIOBAJIbHA CKIIA-
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HICTH 1 TpyAHOLII 3 KOHTEKCTHUM aHajizoM. Koxxen
aCMeKT AETANbHO JIOCII/KEHO 3 OLIHKOIO BIUIMBY
Ha edekTuBHICTE ASR-cUcTeM, aHami30M CydacHHX
MiIXOMAIB, TOPIBHAHHAM IXHBOI TPOXYKTHBHOCTI
Ha pETbHUX JAaHHUX 1 MPOTO3UIISIMHU TUIAXIB BHpI-
IICHHS, BKJIFOYAIOYU KiJTBbKICHI OIIIHKH Ta TPUKIIAJN
3 IPAKTUKH.

1. Husbka crilikicts 710 mymy. lllym € ocHo-
BHOIO TICPEIIKOJOI0 Ui TOYHOTO PO3Mi3HABAHHS
MOBIICHHSI B pealbHHX YMOBax, TakuX SK Kade,
TPAHCIIOPT, TPOMHUCIIOBI OO0’€EKTH YW BYJIUIHE
cepenoBuiie. TpaaumiitHi MeToau, 30KpeMa Ipu-
xoBaHi MapkoBchki Moxmeni (HMM) i1 Gaussian
Mixture Models (GMM), moknanarmTbcss Ha CTa-
TUCTHYHE MOJCTIOBAHHSI ay/li0OCUTHATIB, 1[0 POOUTH
ix BpasmuBuUMH J0 (OHOBUX Tepemikon. Hampu-
KJIaa, y TIYMHUX YMOBax i3 BITHOIICHHSM CHT-
Han/mym (SNR) 0—10 nb, Word Error Rate (WER)
st HMM 3poctae no 20-25%, a gt GMM — no
22-24% 4epe3 cnabKy 3AaTHICTH BiJOKPEMIIIOBATH
KOpUCHMI cUTHaN Big mymy [2, c. 127]. CyuacHi
METOAM TIMOOKOTO HaBYAHHS, Taki SK 3TOPTKOBI
Heiiporni Mepexi (CNN) i TpaHchopmepH, 3acTo-
COBYIOTh TIOINIEpeNHI0 O0OpOoOKy aymio, BKJIIOYa-
oun Wiener filter, crekrpaibHe BiJHIMaHHS Ta
HopMarizanito (Automatic Gain Control, AGC).
[Ipote ixHsi e(EKTUBHICTH 3HWKYETbCS B JHHA-
MIYHUX IIYMOBHUX CIEHApisiX, J€ IIYM 3MIHIOE€THCS
3a 4acTOTOI0 YW aMIuIiTynoo. Hampuknax, Momens
Whisper Bix OpenAl y xade 3 SNR 5 nb noxkasye
WER 15%, Toni six y Tuxux ymoBax (SNR >20 nb)
WER cranoButs 5-7% [7, c. 160]. Y Tpancnopti
(SNR 0-5 nb) WER gmns Whisper 3pocrae 1o
18-20% depe3 HecTabUIBHICTH (OHOBOTO MHIYMY
[6, c. 237]. MeToau MaImMHHOTO HABYaHHS, TaKl
sk Support Vector Machines (SVM), nemonctpy-
I0Th Kpaiy cTiikicts 1o mymy (WER 12-14% npu
SNR 5 nb), ane iXHsS NPOAYKTHBHICTH 3alEKHUTh
BiJl SIKOCTI TPEHYBAJIbHUX JaHUX 1 MOMEpeIHbOL
00pobku [5, c¢. 68]. IIpobnema YCKIaQTHIOETHCS
B OararomkepeNbHUX IIIYMOBHX YMOBax (HaIpH-
KJIaJl, PO3MOBH KUJIBKOX JIFOJIEH), /e HaBiTh CydacHi
MeTOAM NOTPeOyIOTh aJaNTHBHOTO HaJallTyBaHHS,
mo 30ubmIye 3aTpuMKy 00poOku 10 200-300 mc
[8, c. 106].

AHaJti3 nepeBar i He0JiKiB cCydyacHHX MeTOiB
Y KOHTEKCTIi cTilikocTi 10 mymy:

o HMM (IIpuxoBaHi MapKOBCBKi MojeJi):
Lepesazu: Hwusbka 004MCIIIOBaJIbHA cKiang-
HicTh  (cnoxkuBanHs — mam’sati <100  MB,
sarpumka 50-80 mc), mpocrora peanizaiii, edek-
TuBHICT 111 uyuctux ymoB (WER 5-8% mpu
SNR >20 nb). Buxopucranas Mel-gacToTHHX
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kencrpanbHux — koedigientiB  (MFCC)  3a0es-
neyye IMIBUAKY CerMeHrauito ayaio [2, c. 126].
Heooniku:  Bucoka  4yTinmBicTh 10 LIyMYy

(WER 20-25% mpu SNR 0-10 gb), cmabkuii aHa-
N3 IUHAMIYHUX TIePEIIKOMA, BiJICYTHICTh KOHTEK-
cTHoro anamizy. Hampuknan, y xkape HMM Hempa-
BUJIBbHO posmizHaoTh 20-30% ¢onem yepe3 GoHOBI
po3moBu [9, c. 81].

o GMM (Gaussian Mixture Models):
Ilepesacu: THYYKICTE Y MOMACIIOBAHHI PO3MOILTY
3BYKOBUX O3HaK, koMmOiHamis 3 HMM misa migsu-
ImIeHHs To4HOCTI B unctux ymoBax (WER 6-9%),
HU3bKe CIOKMBaHHsA pecypciB (<150 MB) [4, c. 90].
Heoonixu: Yytnusicts o mymy (WER 22-24% npu
SNR 0-10 nb), notpeba y BenuKiii KUIbKOCTI JJaHUX
JUIET TOYHOTO MOJICNTIOBAHHS, HHM3bKa aJIalNTHBHICTD
0 3MIHHHX ITyMOBHX YMOB. Y TpaHcnopti GMM
BTpavaroTh 10 25% TouHocTi [2, c. 127].

© SVM  (Support Vector  Machines):
Ilepesaeu: CTiUKiCTh 110 IIyMy 3aBISKHA HEi-
wiitium sapam (RBF), WER 12-14% mnpu SNR
5 nb, momipra oOuyMCTIOBaTIbHA ~ CKJIAIHICTH
(200-300 Mb mam’sati). EdexrtuBHi mI8  KIa-
cudikamii ¢oHeM y mrymHHX yMoBax [5, c. 68].
Heoonixu: 3anexHicTh Bil SKOCTI TpPEHYBaJbHHX
JIAHUX, HU3bKa C(QEKTUBHICTH IS PIAKICHUX MOB
yepe3 notpedy y BEeNHKiil KUTBKOCTI aHOTAalllH, c1ab-
knii koHTekcTHuH aHami3z (WER 15-18% nnsa Oara-
TociBHUX (pa3) [8, c. 106].

o CNN (3roprkoBi HelipoHHI Mepexi):
Ilepesacu: Bucoka TOYHICTH y YHCTHX YMOBax
(WER 5-7%), edekTuBHE BHUTSATHEHHSI O3HAK
i3 WIyMHUX CHTHAJiB 3a JIOIIOMOTOI0 3TOPTKO-
BUX IIapiB, TWIATPUMKA MOMEPEIHbOT 0OpPOOKH
(Wiener filter, AGC). Hanpuxman, CNN Ha maHuX
LibriSpeech nocsiratore WER 6% [6, c. 237].
Heooniku: 3HWXEHHS TOYHOCTI B JUHAMIYHUX
urymoBux ymoBax (WER 14-16% mpu SNR 0-5 nb),
BUCOKa OOUYHMCIIOBAJIIbHA CKJIQAHICTH (mam’sith >1
I'b, 3arpumka 150-200 mc), moTpeba y BeNHMKHX
Habopax maHux [7, c. 159].

o RNN (PexkypeHTHi HelipoHHi Mepe:xi):
Ilepesaeu:  EdexktuBHMIA  NOCTHIIOBHMH  aHa-
mi3  gns OesmepepBHOro  MoBneHHs, WER

8-10% y umcTux ymoBax, NIATPUMKA KOHTEK-
CTHOTO aHajidy mansd KopoTkmx (pa3. Hampu-
knag, RNN na manux Common Voice gocs-
raiotb WER 7% nns anmmidicekoi [6, c. 238].
Heoonixu: YyTnuBicTe 10 TPHUBAJIMX 3aJIe)KHOCTEH
(WER 12-15% nist noBrux peveHs), BUCOKa 004uc-
JIOBaJIbHA CKIaMHICTh (1aM’siTh >1.5 T'B), 3HMKeHHS
ToyHocTi B mymHUX ymoBax (WER 16-18% mnpu
SNR 5 nb) [8, c. 107].

o Tpanchopmepn (Hanpuxaan, Whisper,
XLM-RoBERTa):
Ilepesacu: Bucoka TOUHICTH 3aBOJKH  MeXa-

Hismy yBaru (WER 5-7% y wumcrtux ymoBax),
MiATpUMKa 0araTOMOBHHMX CIIEHapiiB, eQeKTHB-
HUH KOHTeKCTHWII aHami3. Whisper Ha gaHuMX
VoxPopuli nocsirae WER 6% st 23 moB [7, ¢. 160].
Heoonixu: Bucoka YyTIUBICTH [0 JUHAMIYHOTO
mymy (WER 15-20% npu SNR 0-5 nb), 3nauna
obuncimoBaibHa ckiamHicTh (1.5-2 I'b mam’sTi,
3arpumMka 150-200 mc), motpeda y Benukux odcsrax
JaHux Juis HaBdaHHsA [11, c. 59].

[MopiBusiHHS noKa3ye, o HMM i GMM e miBuu-
KUMH, aje HEeTOYHUMH B IIYMHUX yMoBaX, SVM
MPOTIOHYIOTh OaJlaHC MK CTIMKICTIO W e(eKTUB-
HicTio, a Tmooke HaBdaHHsI (CNN, RNN, Tparcdop-
MepH) 3a0e3redye BHCOKY TOYHICTh, alle moTpelye
3HauYHUX pecypciB. JKopeH MeToa OKpeMo He BHpi-
urye mpodieMy Hrymy HOBHICTIO, OCOONUBO B Oara-
TOJDKEPEIILHUX CIICHAPISX.

2. O0Me:keHa MiATPUMKA PiAKICHUX MOB.
binpmricte ASR-cucteM po3poOiieHi i IOIIHpe-
HUX MOB, TaKUX SIK aHTIIHAChKA, KUTAliChKa UM iCTIaH-
CbKa, 3aBJISKH BEIUKAM HaOOpaM MaHWUX, HaIpH-
knaja, Common Voice (monan 7000 roaun ayio asis
anriiicekoi), LibriSpeech (1000 roaun) i VoxPopuli
(400 000 romuu ms 23 MoB). PigkicHI MOBH, Taki K
KpUMCBKOTaTapchka, Cyaxiii uu Kedya, MaloTh oOMe-
JKeH1 TpPEeHyBaJIbHI JaHi — dacto meHme 100 roxuH
aynio, mo npu3Boauth 10 WER >30-40% [9, c. 80].
Hanpuxnan, s cyaxini monens wav2vec 2.0 noka-
3ye WER 35% na nmanux Fleurs uepe3 Opak pi3HO-
MaHITHHX ayzmio3amuciB [11, c. 59]. Tonke nHama-
mryBaHHs  (fine-tuning) TpaHchopmepiB, TakuX
sk XLM-RoBERTa, nossonse 3umsmt WER 1o
20-25% nuis piAKICHUX MOB, ajie MOTPedy€e TOIATKO-
BUX oOumciens 1 monaMenure 50—100 roguu aHo-
TOBaHUX JaHUX, 110 YacTo HepoctymHo [10, c. 134].
[Ipobnema MOCHITIOETRCSA A JiaNeKTiB 1 Hedop-
MaJbHOTO MOBIIEHHS. Hampukmanm, mms momiaHa-
CBKOTO JliaieKkTy aHrmiicekoi MoBu WER cTanoBuTH
28% mnopiBHsIHO 3 8% A cTaHAapTHOI OpUTAHCHKOT
anriiicekoi Ha manmx Common Voice [7, ¢. 161].
Amnarnoriuno, s HeHOPMaIBHOTO YKPalHCHKOTO
MoBJeHHS (cypxkuk, cieHr) WER 3pocrtae mo
25-30% d4epe3 BiACYTHICTb BIINOBIJHUX TPEHYBaJIb-
HUX HabopiB [12, c. 62]. Kpim Toro, pinkicHi MOBH
4acTO MaloTh YHIKaJbHI (DOHETHYHI W CHHTaKCHYHI
0COOJMBOCTI, SIKi OTaHO MOJEINIOIOTHCS CTaHIAPT-
HUMHU MeTonamu, Takumu sk HMM au CNN, uepes
IXHIO Opi€HTAIIiI0 Ha TIOMUPEH] MOBH [2, ¢. 128].

3. Bucoka  0o0YMCIHOBAJIbHA  CKJAJHICTb.
CyuacHi Meroau TIHOOKOTO HaBYaHHS, 30KpeMma
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TpaHCc(OpPMEPH, MalOTh BHCOKY OOYHCIIIOBAIbHY
CKJIaJHICTh Yepe3 BEJHKY KIUIBKICTh IapameTpiB.
Hanpuknaza, monens Whisper mictuth 1.5 minbsipaa
napameTpiB, 10 MOTpedye MOTYKHUX TrpadidHnX
mporecopiB  (GPU, wnampuknax, NVIDIA A100)
i mam’sti >2 I'b st edextuBHOI podotu [7, ¢. 158].
Le poOuth X HempuoaTHUMU IJIsi TPUCTPOIB 13
OOMEKEeHHMH pecypcamH, TakuX SK cMapTQoHH
(500 MbB nam’sti) un loT-mpuctpoi (Raspberry Pi 4,
256 Mb) [8, c. 105]. HaBite onrumizoBaHi Momemi,
Taki sk wav2vec 2.0, MarmTh 3aTPUMKy OOpOOKH
150-200 mc Ha cepsepi 3 GPU, mo mnepeBuirye
BUMOTH peanbHoro 4acy (<100 mc) mis romnocoBux
MOMIYHUKIB, CHCTEM TPAHCKPHUIMIIi YM 1HTEPaKTHUB-
Hux jpomarkis [11, ¢. 58]. Tpamuniitni Metonu, Taki
sk HMM 1 Dynamic Time Warping (DTW), 3naun0
MEHIIT BUMOTJINBI IO PECYPCiB (CITOKUBAHHS TIaM’ SIT1
<100 MBb, 3arpumka 50-80 mc), ane iXHS HU3bKa
tounicTh (WER 20-30%) pobuth ix HempumaTHUMH
JUIsL CydyacHHMX 3acTocyBaHb [2, c¢. 126]. Metonu
MaIIMHHOTO HAaBYaHHSI, 30kpema SVM, 3aiiMaroTh
MpoMikHe monokeHHs, cnoxusaroun 200-300 Mb
maM’sITi, aje MOTPeOyIOTh BEIHKHX OOCSTIB IaHUX
JUISL JIOCSTHEHHST TOYHOCTI, MOPIBHAHHOI 3 mIHOO-
kuM HapuaHHsM (WER 12-15%) [5, c. 69]. Ilpo-
OneMa OOUYHMCITIOBAIBHOI CKIIAHOCT]I TAaKOX BIUIMBAE
Ha EHEProCIOXHBAaHHS, 110 KPUTHYHO JUISI HOCH-
mux npuctpoiB i loT, ne Oartapes oOmexeHa a0
100-200 MA ‘ron. Hanpuknaza, moBHa MO/IJIb TPaHC-
¢dopmepa Ha Raspberry Pi cnoxxuBae 5—7 BT, Tomi sk
loT-mpuctpoi norpedytors <1 Bt [12, c. 61].

4. TpynHomii 3 KOHTEKCTHMM  aHAJi30M.
KonTekcTHMII aHami3 € KPUTUYHO BAKIMBHM JUIS
MPaBUJIBLHOTO PO3Mi3HABAaHHSI OMOHIMIB (Hampu-
KJIaT, «pidka» sSK pidka 9d 3MEHIMyBalbHA (opma
BiJl «piKa»), CKJIQJHUX CHHTAKCHYHHUX CTPYKTYp
1 HedopMaILHOTO MOBIIEHHS. TpajuiiiftHi METOMH,
taki sk HMM i DTW, He BpaxoByIOTb CEMaHTUYHUH
KOHTEKCT, 110 MPHU3BOAUTH A0 MOMIIOK y 15-20%
BUMAJKIB JUIss OMOHIMIB 1 OaraTociiBHHX (pas.
Hampuknang, HMM HenpaBWIBHO IHTEPIPETYIOTH
anTmiiceke «lead» sk «tim» 3amicTh «Bectm» y 18%
BUTAJKIB 0€3 KOHTEKCTHOro aHamizy [2, c. 128].
PexypentHi Heiiponni wmepexi (RNN) wyacTkoBo
BUPILIYIOTh MPOOJEMYy 3aBISKH  IMOCIHiJOBHOMY
aHamizy, ajge iXHJ YyDIHBICTh O MOBIHX 3aJIeXK-
HOCTEW 3HWXKYE TOYHICTh I CKJIATHUX pedeHb
(WER 10-12%) [6, c. 238]. Tpaucdopmepu, BUKO-
PHUCTOBYIOUM MEXaHi3M yBard, 3Ha4HO MOKPALIYIOTh
KOHTEKCTHHH aHaji3, 3HWKYIOUH MOMUIKK 10 5—7%
JUISL CTaHAApPTHUX (Qpa3 y KOHTPOJIbOBAHUX YMOBaXx
[7, c. 162]. IIpote ixHS e(PEKTUBHICTH 3HUKYETHCS
B He(popMaTHbHOMY MOBIICHHI (CJICHT, CKOPOUYCHHS)
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1 pglamektax dvepe3 Opak pi3HOMaHITHHUX TPEHY-
BaJbHUX JaHWX. Hampuknan, juis aBCTpaiiichbKOro
cienry WER 3pocrae 1o 22% nopiBHsiHO 3 8% st
cTaHmapTHOi aHmIikckkoi Ha mannx Common Voice
[7, c. 163]. dna ykpaiHChkoi MOBH TIpoOiieMa KOH-
TEKCTHOTO aHaNi3y MPOSBISIETECS B PETiIOHAJIBHHUX
JianekTax (HalpUKIaJ, TaaulbKUi 4u CI000XKaH-
cekmit), ie WER nocsrae 20-25% yepe3 oOMexeHy
npecTaBieHIcTh y Habopax gaHux [12, c. 63].

3anpononoBani HAIIPSIMH BUPillleHHSA
npoodJiem:

e Tliopuani meromu. IuTerpamis HMM s
MIBUIKOT cerMeHTarii aymio, SVM s criiikoi kia-
cudikauii ¢onem i TpanchopmepiB AN KOHTEK-
CTHOTO aHaNi3y J03BOJSIE TIOEIHATH HIBHIKICTb,
CTIHKICTH 1 TOUHICTh. Hampukian, ribpuaHa Momems,
nporecroBaHa Ha mannx Common Voice, 3HIKYE
WER 1o 8-10% y mymuux ymoBax (SNR 5 nb),
toni sik okpeMo HMM nae WER 20%, SVM — 15%,
a TpaHcopmepu — 12% [12, c. 60]. T'iOpumHmii
MIJXiJ] 3MEHIIY€E 3aJeKHICTh BiJl BEJIMKHX OOCSTIB
JaHWX 1 MIIBUIIYE CTIMKICT A0 JUHAMIYHOTO IIyMY,
o miaTBepmkeHo TectaMu Ha maHux NOISEX-92
(WER 9% mipu SNR 0 nb).

* AnanTuBHe BHAAJEeHHA wmymy. Buxopuc-
taHHs Wiener filter y moeanaHHi 3 HEHPOHHUMH
Mepexkamu Juist orfinku SNR 3a0e3neuye nuHamivuHe
BUJaNeHHs myMmy. Hanpukian, agantuBHUAN QiIbTp
3amkye WER Ha 5-7% y cruenapisx i3 3MiHHUM
myMoM (TpaHcnoprt, HatoBm) [6, ¢. 239]. loxarkoBe
3aCTOCYBaHHS CIIEKTPAJIBLHOTO BiJHIMAHHS 1 HOpMa-
mizanii (AGC) nosBonsie nocsirtt WER 10% mpu
SNR 0-5 nb, mo Ha 8% Kparmie 3a cTaHIapTHHUH
Wiener filter [8, c¢. 107]. [lepcneKTHBHUM € BUKO-
pUCTaHHS TIHOOKOTO HAaBYAHHS I TiepemOadeHHs
ITYMOBHX IIa0JIOHIB Y peajbHOMY Yaci.

* Tonke HaJalITYBAHHS AJsl PiIKiCHUX MOB.
Transfer learning no3Bossie anantyBatu TpaHChOp-
MEpH JIO PLAKICHHMX MOB i3 OOMEXKEHHUMH JaHHMHU.
Hanpuxnan, Touke nHanamtyBaHH XLM-RoBERTa
Ha 50 romwHax aymio mIA cyaxim 3HmKye WER
3 35% no 20%, a nis kpuMcbKoTaTapebkoi — 3 40%
no 22% na manux Fleurs [10, c. 135]. CrBopenHs
BIIKpUTHX HAOOpIB JaHUX IS PIAKICHUX MOB,
HamnpuKiIaa, depe3 KpayacopcuHr (sk y Common
Voice), moke 3meHmuTd WER mo 15-18% [9, c. 82].
JlomatkoBe BHUKOPHUCTaHHS CHHTCTUYHHX JaHHUX
(text-to-speech) mist pigKiCHUX MOB MIiABHILYE Pi3-
HOMaHITHICTb TPEHYBaJIbHUX HAOOPiB.

e Onrumizania moaeseii. Metogu IUCTUIIO-
BaHHs (3MeHIICHHS po3Mmipy Mozaeni Ha 40-50%)
1 kBaHTyBaHH# (8-0iTHE MpeACTaBIEHHS MapamMeTpiB)
3HIDKYIOTh criokuBaHHSA maM’sti 1o 400-500 Mb
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i 3atpuMky 10 90-100 Mc, 110 BiAMOBiTa€ BUMOTaM
peanmpHOro 4yacy. Hampuknaza, nucTuiboBaHa Bep-
cist wav2vec 2.0 360epirae WER 10% npu mam’sti
450 Mb mopiBasHO 3 2 I'b nmnms moBHOI Momeri
[11, c. 60]. IToroxoBa 06pobka aymio (chunk-based
processing) 3MeHuye 3aTpuMky a0 80 Mc Ha cep-
Bepi i 95 mc Ha cmaprdoni [12, c. 62]. 3acrocy-
BaHHS TEXHIK OOpi3kH (pruning) mapaMeTpiB TpaHC-
¢dopmepiB 3HMKYE eHeprocnoxuanHs Ha 30-40%,
mo kputuuHo s loT-mpuctpoiB i3 Oartapeero
<200 mA-rox [8, c. 108].

[opiBHATLHMIA aHai3 MIPOAYKTUBHOCTI
meroniB Ha ganux Common Voice, VoxPopuli
i NOISEX-92 nokazas, 110 riOpuaHi METOIU TIepe-
BEPIIYIOTh OKpEMi IMiJX0Iu 3a KOMOIHAIE€ TO4-
HOCTi, CTIHKOCTI 10 IIyMy H OOYHMCIIOBAIBHOT
eextuBHOCTI. Hampukman, riOpumHa Momeh
HMM+SVM-+tpanchopmepu  pocsrac WER 9%
y mwyMmHux ymoBax (SNR 5 nb) i 7% y umctux
ymoBax, toai sk HMM — 22% i 15%, SVM —
15% 1 10%, tpanchopmepu — 12% i 8% Biamo-
BimHO [12, c. 63]. TectyBanus nHa loT-mpucTposix
(Raspberry Pi 4) miarBepamio, MmO ONTHMI30-
BaHa riOpuaHa Momenb cnoxuBae 450 Mb mam’sri
it 3a0e3neuye 3arpuMky 100 mc, mo Ha 50% kparie
3a HeonTuMi3oBaHi Tpancopmepu [11, c. 61]. Ana-
J3 TaKOXK MIJKPECIUB HEOOXIJHICTh CTBOPEHHS
pi3HOMaHITHUX Ha0OpIB JaHUX, BIOCKOHAJIECHHS
monepenaroi  00poOku  aymio (MFCC, 6araro-
MoBHI embeddings) i po3poOku ajanTHBHHUX ajro-
PUTMIB U1 TUHAMIYHUX yMOB. ['iOpumaHi Meronw,
MONPU  TEPCTIEKTUBHICTh, TMOTPEOYIOTh CKIIAaIHO]
iHTerpamii KOMIOHEHTIB, OalaHCyBaHHS MIX TOY-
HICTIO 1 €(PEeKTHBHICTIO, a TAKOX J0JaTKOBOI OITH-
Mizarii amsa eHeproeeKTUBHOCTI, OCOOIMBO IS
HOCHMHUX HPHUCTPOiB 1 CHUCTEM 13 YIBTPAaHU3BKUM
€HEPTOCIIOKUBAHHSIM.

BucnoBku. IlpoBeaenuii anamni3z npodnem MeTo-
B pO3Mi3HABaHHS MOBJICHHS BHSIBUB YOTHPH
KIFOYOBI OOMEXEHHS, 10 CTPUMYIOTh PO3BH-
TOK YyHiBepcanbHUX 1 edektuBHUX ASR-cucrem:
HU3bKY cTilikicte 10 mymy (WER >15-20% mnpu
SNR 0-10 nb), oOmexxeHy MIATPUMKY PIIKICHHX
moB 1 mianekriB (WER >30-40%), Bucoky o04rc-
JIoBaJIbHA CKJIAAHICTH (3arpumka >150-200 wmc,
nam’ste >2 I'b) 1 TpyaHOmI 3 KOHTEKCTHHM aHa-

nizom (mommiiku 15-20% mist omoHIMIB 1 Hedop-
MaJIbHOTO MOBJEHHs). TpaguuiliHi MeTomu, Taki sK
HMM i GMM, € 4yTnuBUMHU 70 OIyMy W HE MiITpH-
MYIOTh CKJIQJIHUH KOHTEKCTHUH aHalli3 dYepe3 cra-
TUCTUYHUH MiAXia. MeTonu MallMHHOTO HAaBYAHHS,
30kpemMa SVM, 3amexarb B SKOCTI U oOcsry
JAHWUX, 110 OOMEXye IXHI0 e(EeKTHBHICTh Ui Pif-
KicHHX MOB. [mnOoke HaBuanHs, BKIrodaroun CNN,
RNN i Tpanchopmepu, 3a0e3neuye BUCOKY TOUHICT
(WER 5-8% y unctux ymoBax), aje morpedye 3Ha-
YHUX OOYMCITIOBAILHUX PECYpCiB, IO POOUTH iX
HENPHUAATHUMHU JUIsI pecypcoeeKTUBHUX u1aTdopm,
takux sk loT-npuctpoi uu cmaprdonu.

3anpornoHoBaHi pIlICHHs, 30Kpema TiOpuaHi
meronqn  (HMM+SVM+rpanchopmepn),  aman-
TuBHE BHjaneHHs mymy (Wiener filter i3 He#poH-
HOIO OIiHkor0o SNR), TOHKEe HalamTyBaHHS IS
piakicaux MoB (transfer learning) i omrumizaris
Mozenie (AMCTUIIOBaHHS, KBAaHTYBAaHHS, ITOTOKOBa
00po0Ka), JO3BOJSIOTH 3HAYHO MOKPAIIUTH MPOIYK-
tuBHICTh ASR-cucrem. [iOpuani MeToou 3HHKY-
otb WER 1o 8-10% y mrymHUX yMoBax i 3a0e3rre-
9yI0Th 3aTpuMKy <100 Mc, 10 BigMOBiga€ BIMOTaM
peasibHOro 4acy. TOHKE HaJAIITYBaHHS 3MEHIIYE
WER nmns pinkichux moB Ha 10-15%, a ontumi-
3allisi MoJeJIel CKOpOuy€e CIIOKMBAHHS MaM’sTi JI0
400-500 MB i eneprocnoxuBanus Ha 30-40%.
TecryBanna Ha Habopax manmx Common Voice,
VoxPopuli, Fleurs i NOISEX-92 miarBepamno edek-
TUBHICTh IUX MIAXOAIB y HIYMHHUX, 0araTrOMOBHHX
1 pecypcoeeKTUBHUX CLIEHAPIsX.

[IpakTuyHa iHHICTH aHAJI3y MONATAE B OOTPYH-
TyBaHHI CTparerii miJBUIICHHS e(eKTUBHOCTI
ASR-cuctem, 1mo crpusie iXHbOMY BIIPOBKEHHIO
B TonocoBi iHTepdeiicu (Siri, Alexa), cmcTemu
TpaHCKpUNINi (MEIU4YHi, IOPUAWYHI), aBTOMAaTH4-
Horo nepeknany Ta loT-gonatku (po3ymHi OyIuHKH,
aBTOMOOUNBHI ~ cucTeMu). Pe3ynbraru  aHamizy
MOXYTh OyTH BHUKOPHUCTaHI JJIsi pO3POOKH KOHKY-
pentocipoMokaux IT-pimens, mo aBTOMaTH3Y-
OTh OOpOOKY aymiofaHWX, 3HIKYIOTH 3aJICKHICTH
BiJI JIIOACHKOTO (PaKTOpy Ta MiABUIIYIOTH JOCTYII-
HICTh TEXHOJIOTIH IJiIs1 PiIKICHHX MOB 1 jiajiex-
TiB. B Ykpaini ne copustume po3Butky IT-ramysi
Ta iHTerpamii 3 NIO0AJBHUMU TEXHOJIOTTYHUMHU
PUHKAMH.
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Zimenkov D.A., Tereikovskyi I.A. ANALYSIS OF PROBLEMS IN SPEECH RECOGNITION
METHODS

Automatic Speech Recognition (ASR) is a pivotal technology in natural language processing, enabling
the conversion of human speech audio signals into text. This technology underpins the development of voice
interfaces, transcription systems, automatic translation tools, and intelligent applications for the Internet of
Things (loT). In an era where efficient human-computer interaction is increasingly critical, ASR holds strategic
importance. Industry forecasts predict that the global ASR market will reach $30 billion by 2028, reflecting the
growing demand for multilingual and adaptive systems. In the context of Ukraine, the development of competitive
ASR systems is particularly significant, as it fosters integration into the global information technology market
and enhances technological independence. Contemporary challenges, including low accuracy in noisy
environments, limited support for rare languages and dialects, high computational complexity, and difficulties
with contextual analysis, necessitate innovative solutions. This article analyzes the challenges of modern
ASR methods, evaluates their limitations, and proposes a hybrid method as a promising approach to address
these issues. The practical significance of the study lies in providing a foundation for strategies to enhance the
efficiency of ASR systems, while future research directions include integration with semantic analysis and the
development of energy-efficient solutions for wearable devices.

The literature review on automatic speech recognition reveals a broad spectrum of methods employed
to tackle this complex task. Traditional approaches, such as Hidden Markov Models (HMM) and Gaussian
Mixture Models (GMM), formed the backbone of early ASR systems like Kaldi. HMM effectively model the
temporal sequence of audio signals, enabling rapid segmentation of phonetic units. However, their sensitivity
to noise (Word Error Rate, WER, often exceeding 20% at Signal-to-Noise Ratio, SNR, of 0—10 dB) and reliance
on large annotated datasets limit their versatility. Machine learning methods, particularly Support Vector
Machines (SVM) with non-linear kernels like RBE, demonstrate high phoneme classification accuracy in
controlled conditions (WER ~10—-15% at SNR >20 dB). Yet, SVM require substantial data and struggle with
contextual analysis, complicating the handling of homonyms and complex syntactic structures. The advent
of deep learning has significantly advanced ASR performance, with methods based on Convolutional Neural
Networks (CNN), Recurrent Neural Networks (RNN), and transformers achieving remarkable results.
Forinstance, Mozilla's DeepSpeech achieves WER <10% in clean conditions, while OpenAl's Whisper supports
multilingual scenarios. However, transformers like BERT or XLM-RoBERTa demand significant computational
resources (>2 GB of memory, >4 GFLOPS), rendering them unsuitable for resource-constrained platforms
such as loT devices or smartphones. Moreover, support for rare languages, such as Crimean Tatar, Swahili, or
Quechua, remains inadequate due to limited training data (WER >30—40% for such languages). The literature
also highlights challenges in contextual analysis, with modern systems struggling to disambiguate homonyms
(e.g., “lead” as “to guide” or “metal”) and syntactic constructs in real time. This analysis underscores the
absence of a single method capable of addressing all challenges, highlighting the need for hybrid approaches
that combine the speed of HMM, the robustness of SVM, and the contextual power of transformers.

The primary challenges of modern ASR systems can be categorized into several key areas. First, low accuracy
in noisy environments poses a critical barrier. In real-world scenarios, such as cafes, public transport, or
industrial settings, the SNR often drops to 0—10 dB, resulting in WER >15-20% even for advanced systems like
Whisper. Traditional methods like HMM and GMM are particularly vulnerable to noise due to their reliance
on statistical assumptions, while deep neural networks (DNN) require complex noise suppression techniques,
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such as spectral subtraction or adaptive filters. Second, limited support for rare languages and dialects
creates obstacles to digital inclusion. For languages with scarce data, such as Crimean Tatar or Swahili,
available datasets (e.g., Common Voice, Fleurs) provide only 50—-100 hours of audio, insufficient for training
transformers (requiring >1000 hours for WER <10%). This contrasts with widely spoken languages like
English or Mandarin, where WER can be reduced to 5—7%. Third, the high computational complexity of modern
models hinders their deployment on energy-efficient platforms. For example, transformers like XLM-RoBERTa
require >2 GB of memory and powerful GPUs, making them impractical for loT devices like Raspberry Pi or
smart speakers. Even optimized models, such as wav2vec 2.0, exhibit processing latencies >150 ms, exceeding
real-time requirements (<100 ms). Fourth, difficulties with contextual analysis complicate the handling of
homonyms, syntactic structures, and multilingual scenarios. In mixed-language environments (e.g., English
and Ukrainian), systems often confuse similar phonemes or misinterpret syntax. These challenges emphasize
the need for novel methods that balance speed, robustness, and contextual accuracy.

The proposed solution in this article centers on the development of a hybrid word recognition method that
integrates Hidden Markov Models (HMM), Support Vector Machines (SVM), and transformers to address
the identified challenges. HMM are employed for rapid audio segmentation into phonetic units, achieving
processing latency <100 ms, which is critical for real-time applications. By leveraging statistical modeling,
HMM efficiently segment audio even in noisy conditions, though their accuracy is limited (WER ~20%
at SNR 0-10 dB). To enhance phoneme classification accuracy, SVM with a non-linear RBF kernel are
applied, offering robustness to noise (expected WER <10% at SNR 0-10 dB) and the ability to operate with
smaller datasets compared to DNN. Transformers, specifically the XLM-RoBERTa model, are utilized for
contextual analysis, enabling the handling of homonyms, syntactic structures, and multilingual scenarios.
For instance, fine-tuning the model on limited data (50-100 hours of audio) supports rare languages like
Crimean Tatar with WER <15%, significantly outperforming commercial systems (WER >30%,). The methods
architecture incorporates adaptive audio preprocessing using a Wiener filter for noise suppression, Mel-
Frequency Cepstral Coefficients (MFCC) extraction, and Automatic Gain Control (AGC). To ensure energy
efficiency, optimization techniques are applied: model distillation (reducing model size by 40%), quantization
(8-bit parameter representation), and stream processing (100-ms audio chunks). These reduce memory
consumption to <500 MB, making the method suitable for loT devices like smartphones or smart speakers.
Compared to existing methods, the hybrid approach offers a superior balance of speed (latency <100 ms),
accuracy (WER <10%), and versatility (support for all languages), positioning it as a promising solution for
both commercial and academic applications.

Key words: speech recognition, automatic speech recognition, hybrid methods, hidden Markov models,
support vector machines, transformers, machine learning, deep learning, rare languages, real-time
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