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Abstract. This paper presents HybridKazASR, a hybrid automatic speech
recognition (ASR) system for the Kazakh language that integrates three
complementary acoustic models within a multi-stage pipeline. The system
combines NVIDIA FastConformer (115M parameters, RNNT decoder) with two
domain-adapted variants of Meta MMS-1B (965M parameters, CTC decoder): one
fine-tuned on FLEURS read speech and another on the 559-hour Kazakh Speech
Dataset (KSD). A key technical innovation is an efficient adapter-swap mechanism
that switches between MMS variants by replacing only 138,348 parameters
(~542 KB) in the CTC output layer, avoiding the need to load two full 3.9 GB
models. The three hypotheses are fused via weighted 3-Way ROVER (Recognizer
Output Voting Error Reduction) using Needleman-Wunsch alignment. The fused
output undergoes two-stage language model rescoring: first with a 5-gram word-
level KenLM, then with KazMorphLM — a novel morpheme-aware language
model featuring a rule-based segmenter with 230 suffixes across 14 grammatical
categories, a 7-gram morpheme model interpolated with a 5-gram word model
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at a 0.6/0.4 ratio using Witten-Bell smoothing, and a four-channel rescoring
mechanism incorporating acoustic confidence, word-level LM, morpheme-level
LM, and vowel harmony scores. Evaluated on the FLEURS test set (100 samples),
HybridKazASR achieves a Word Error Rate (WER) of 6.30%, a normalized WER
of 4.18%, and a Character Error Rate (CER) of 1.90%. Ablation studies confirm
the contribution of each pipeline component, with KazMorphLM providing a
14.6% relative WER improvement over word-level KenLM rescoring alone.
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Annoramus. by makamana HybridKazASR — ka3ak tinine apHanrad raOpuTi
aBTOMATThI ceineyni tany (ASR) xyieci yceinbiiFan. byn kylie kenm caTbuibl
KOHBeMep/e YII KOChIMINA aKyCTHKAIBIK Moaenbai Oipikripeni. XKyiie NVIDIA
FastConformer (115 minanapamerp, RNNT nexonep) xone Meta MMS-1B (965 muin
napametp, CTC nexoznep) exi fomeHre OeliMaenreH HycKachlH OipikTipeni: 6ipeyi
FLEURS naiipiH ceiiney KOpIychIHIA, eKiHIIICI 559 caraTThIK Ka3zak TiTiHAETi
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ceiiney nepexrep xuHarbiHIa (KSD) ennenren. Heri3ri TeXHUKAIBIK KaHAIBIK —
THIM/II aJlanTep aybICTHIPY MexaHu3Mi. bysr Mexann3sm MMS HycKkanmapbl apachiHia
CTC wbirbic Kabateiaaa Tex 138 348 mapamerpai (~542 KB) aybsicThIpy apKbLIbI
KYMBIC icTelai, Oy opkaichickl 3,9 I'b OomaTeiH €Ki TOJNBIK MOJENB/I KYKTEY
KaKeTTuTirin Oonmeipmaiinel. Y rumore3a Needleman-Wunsch Ttypanaysia
KOJIJIaHa OTBIPHIN, canmakTanFaH 3-)kakTel ROVER (Recognizer Output Voting
Error Reduction) apkpbuibl Oipikripinesi. BipikTipiireH HOTHKE €Ki CaThUIBI TUTIIK
MOJIeNb/Ii KaiiTa OaramaymaH eTeli: aiabIMeH S-rpammanbik ce3mik KenlLM
keMerimeH, comaH keitin KazMorphLM kemerimen. KazMorphLM — mopdemara
HETI37IeNTeH kKaHa TUIIiK Momenb. On xKypambiana 230 xypHarbl O0ap epexere
Heri3genreH cerMeHtatopabl (14 rpamMMmaTUKanmblK KaTETOPUSHBI KaMTHIIBI),
0,6/0,4 xaThIHACBIHIIA CO3MIK S-TpaMMAaJbIK MOJACIBMEH HHTEPIOJSIUSIIaHFaH
7-rpamMMansik MopdeManslk Moxenbai (Butten-bemn TericreyiH KonmmaHaIb),
COHJIali-aK TOPT apHAJIbI KaiiTa Oarasiay MEXaHU3MiH (aKyCTHKAaJBIK CeHIMIIIIIK, CO3
neHreitingeri LM, mopdema nexreitiameri LM sxoHe naybICTHI IBIOBIC YHAECTITI
ynaiinaper) kamtuasl. FLEURS Tect xunarsinma (100 ynri) HybridKazASR
KaremikTep/iH ce3ik kepcerkimine (WER) 6,30%, nHopmanuzanusnanran WER
4,18% xoHe KarenikTepiH cuMBOIIBLIK kKopceTkimtine (CER) 1,90% ko sxxeTkizemi.
AONSAIUSIIBIK 3epTTeyNiep KOHBEHepAiH opOip KOMIOHEHTIHIH YJIECiH pacTauibl,
an KazMorphLM tek cesnik KenLM-mMeH kaiita OaraiiaymMeH CalbICTBIpFaHIA
WER xkepcertkimin 14,6% - Fa »xakcapTaibl.

Tyiiin ce3mep: Ka3ak TUTIH TaHy; aBTOMAaTThl ceiiey TaHy; ruOpuari ASR
KYObIpbI; MOpdemanbIk Tiaik moaens; ROVER 6ipikripy; FastConformer; MMS;
aJanTep-aaMacThIpy; arTIIOTHHATUBTI MOP(HOIIOTHS

© Kapao6amaues E.'*, Koaecuuxona K. !, Xsena 10.%, 2026.
"MexayHapoHBIH YHUBEPCUTET HH(POPMAIIMOHHBIX TEXHOJIOTHH,
Anwmatel, Ka3axcran;

’KueBCcKHii HaMOHAIBHBIH yHUBepcuTeT nMeHn Tapaca IlleByenko,
Kues, Ykpauna.

E-mail: y.karabaliyev@iitu.edu.kz

HYBRIDKAZASR: T'NBPU/IHAS CUCTEMA
ABTOMATHYECKOT'O PACIIO3HABAHMS KA3AXCKOM
PEYN HA OCHOBE MHOT'OMOJAEJIBHOI'O OBBE/IMHEHUA
ROVER 1 MOP®EMHO-OPUEHTUPOBAHHOTI'O A3BIKOBOI'O
MOJEJIUPOBAHUA

Kapa6anues Epiaan — noxropant, Mex1yHapOIHBII YHHBEPCUTET HHPOPMAITIOHHBIX TEXHOIOTHIA,
Anmarsl, Kazaxcran,

E-mail: y.karabaliyev@iitu.edu.kz, https://orcid.org/0009-0001-9465-3998;

KonecnuxoBa KarepuHa — [OKTOp TEXHHYECKHX Hayk, mpodeccop, MexayHapOIHBIH
YHHUBEPCHUTET HH()OPMAIIMOHHBIX TEXHOIOTHH, AnMarsl, Kazaxcran,

E-mail: kkolesnikova@iitu.edu.kz, https://orcid.org/0000-0002-9160-5982;

200



ISSN 1991-346X 2.2026

Xiaesna FOausa — MOKTOp TeXHHYECKHX Hayk, mmpodeccop, kadenpa yrnpapieHHs TEXHOIOTHIMH,
Kuesckuil HanmoHanbHbIN yHUBepcuTeT UMeHH Tapaca llleBuenko, Kues, YkpauHa,
E-mail: yuliia.khlevna@knu.ua, https://orcid.org/0000-0002-1874-1961.

AnHoTanus. Axmyanvnhocms. B crarbe mnpexacrabnena HybridKazASR
- TUOpUAHAs CHUCTeMa aBTOMAaTHUYECKOro pacmo3HaBaHus peun (ASR) mms
Ka3aXCKOIO sI3blKa, OPUEHTHPOBaHHAsI Ha MOBBIIEHUE KauecTBAa PACIIO3HABAaHUS
3a CYET MHOTOYPOBHEBOTO OOBEAMHEHHsI aKyCTUYECKHX M S3BIKOBBIX MOJEICH.
AKTyanbHOCTh HCCIEOBaHUsl O0OyCJOBICHA HEOOXOIMMOCTBIO pa3padOTKU
s¢pexTrBHBIX ASR-pemieHuil A7 armIIOTHHATHBHBIX — SI3BIKOB,  BKIIOYast
Kazaxckuid, rae Mopdoiornueckas CI0KHOCTb, BAPHATUBHOCTH CIOBO(GOPM
U OTPaHUYEHHOCTh CHEIHAJIN3UPOBAHHBIX PEUYEBBIX KOPIYCOB YCIOKHSIOT
MpUMEHEHHE CTaHAAPTHBIX MOAXOAOB AaBTOMAaTHMUYECKOTO PpACIO3HaBaHUS PEUH.
Len». Pazpaborarb THOPHIHYIO CHCTEMY aBTOMAaTHYE€CKOTO PpaCIO3HABAHHS
Ka3aXCKOW pedyd Ha OCHOBE MHOroMojeinbHOro ooOwenauHenns ROVER wu
MOp(EMHO-OPHEHTHPOBAHHOTO S3BIKOBOTO MOJEIHPOBAHUS, 00ECIEUHNBAIONIYIO
CHIDKCHHE OMIMOOK pAcro3HaBaHUS W TOBBILICHUE YCTOMYMBOCTU CHCTEMBI
K MOpP(OJIOrHYecKOl BapHaTUBHOCTH Ka3aXCKOro s3blka. Memoodsi. Cucrtema
HybridKazASR o0benunsier Tpu B3aWMOJOMOIHSIONIUE aKyCTHYECKUE MOJEIN
B MHOTOATAITHOM KOHBelepe. B kauecTBe 0a30BbIX KOMIIOHEHTOB HCIIOIB30BaHBI
NVIDIA FastConformer ¢ 115 mnu mapamerpoB u RNNT-nexozepom, a Taxxke
JIBa TOMEHHO-aJaNTUPOBaHHBIX BapuanTa Meta MMS-1B ¢ 965 miH napameTpoB
n CTC-nexonepom. Oaun BapuanT MMS 1000ydeH Ha TOATOTOBICHHOW peun
u3 kopnyca FLEURS, Bropoii - Ha 559-4acoBOM Ka3aXCKOM PEUEBOM JaTaceTe
KSD. KiroueBbIM TEXHMYECKMM pELIEHHEM SBIAETCS MEXaHU3M 3aMeHbI
amantepoB (adapter-swap), TO3BOJISIIOLINI NEPEKIIOYaThCsl MEKAY BapHaHTAMHU
MMS nyrtem 3amensl 138 348 mapamerpos, unu okono 542 Kb, B BbIXogHOM
cioe CTC 6e3 3arpy3ku JIByX MOJHBIX Mojeield o0bemom 1o 3,9 I'b kaxnas. Tpu
THIIOTE3bl OOBEAMHSIOTCS C MOMOIIBIO B3BEHIEHHOTo TpexctopoHHero ROVER
(Recognizer Output Voting Error Reduction) ¢ ucnoib30BaHHEM anropurma
BblpaBHUBaHMs Hunnmana - ByHma. Pesyismamoer 1 66160061 OObETUHEHHBIN
BBIXOJl TPOXOAMUT JBYX3TAITHOE IEPEOLIEHNBAHNE C TNPUMEHEHHEM SI3BIKOBBIX
MoJieNieii: cHauaja ¢ UCmoyib3oBaHueM S-rpammuoil word-level KenlL M, 3arem
¢ nmomompbto KazMorphLM - HOBOH MOpdeMHO-OpHEeHTHPOBAHHOH SI3BIKOBOI
mozenu. KazMorphLM BkitodaeT 0OCHOBaHHBIN Ha MpaBuiax cermeHTarop ¢ 230
cybdukcamu, OXBaThIBAIOIIMMH 14 TpaMMaTHYeCKUX KaTeropuii, 7-rpaMMHYIO
MOp(GEMHYIO MOJIENb, HHTEPIIOIUPOBAHHYIO C 5-TpaMMHOI CIIOBECHOH MOJEIBIO
B cootHotennu 0,6/0,4 ¢ npuMeHeHneM criaxuBaHus Burrena - benna, a Taxoke
YeThIpeXKaHAIbHBIH MEXaHU3M MEePEOLEHUBAHUS, YUUTHIBAIOIINN aKyCTHYECKYIO
YBEPEHHOCTb, A3BIKOBYIO MOJIENIb HA YPOBHE CJIOB, SI3BIKOBYIO MOJIENb HA YPOBHE
Mop¢eM M OLIEHKH CHHIapMOHHM3Ma IacHbIX. [Ipu onjeHKe Ha TecTOBOM Habope
FLEURS, sxmrouaromem 100 o6pasnos, HybridKazASR nocturaer wactoTsl
omu6ok Ha cioBa (WER) 6,30%, Hopmanu3oBanHoit WER - 4,18% u 4actotsl
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omn60k Ha cuMBOITEI (CER) - 1,90%. AGnsatinoHHbIE HCCIeIOBAHS TOITBEPKIAIOT
BKJIJ] Ka)KJJOTO KOMIIOHEHTa KOHBe#epa, mpu 3toM KazMorphLM oGecrnednBaer
otHocutenbHoe ynyuienue WER na 14,6% 1o cpaBHEHHIO ¢ TIepeoLieHUBAHUEM
TobKo Ha ocHOBe word-level KenLM. IlomydeHHble pe3ylbTaThl TOATBEPKIAIOT
3G PEKTUBHOCTh TPEATIOKEHHOTO THOPHUIHOTO TOAXONIA JIsi aBTOMAaTHUECKOTO
pacrno3HaBaHMs Ka3aXCKOH pedH ¥ AEMOHCTPHUPYIOT MIEPCIEKTUBHOCTH MOP(HEMHO-
OPUCHTUPOBAHHOTO SI3BIKOBOTO MOJACITHPOBAHUS JIJISl ArTIIIOTHHATUBHBIX SI3BIKOB.
KaroueBble cJioBa: pacrio3HaBaHHME Ka3aXCKOW pedd, aBTOMAaTHUECKOE
pacrio3HaBaHue peun, THOpUIHBI ASR-koHBElep, MOpdeMHas SA36IKOBaAs MOJIEIb,
ROVER, FastConformer, MMS, adapter-swap, armmroruHaTuBHasi Mopgonorus

Introduction. Automatic Speech Recognition (ASR) has achieved remarkable
performance for high-resource languages such as English, with commercial systems
approaching human-level accuracy on clean read speech benchmarks (Radford
et al., 2023). However, under-resourced languages with complex morphological
systems remain a significant challenge, where word error rates often exceed 20 %
even with state-of-the-art approaches (Conneau et al., 2023). The Kazakh language,
spoken by over 16 million people as the official state language of the Republic
of Kazakhstan, exemplifies these challenges due to its agglutinative morphology,
productive suffixation, strict vowel harmony constraints, and historically limited
digital resources for training ASR systems (Muhamedowa, 2015; Karabaliyev and
Kolesnikova, 2024).

Kazakh belongs to the Kipchak branch of the Turkic language family. Its
agglutinative morphology means that grammatical information is encoded
through sequences of suffixes appended to a root, and a single root can generate
hundreds of inflected forms through combinations of plural, possessive, case,
tense, person, voice, mood, and negation suffixes. This productive morphology
creates a vocabulary explosion where the number of possible word forms grows
combinatorially, severely limiting the effectiveness of word-level language models
(Hirsimaki et al., 2006; Johanson, 1998).

Literary review. Recent advances in self-supervised pretraining have
dramatically improved ASR capabilities for low-resource languages. Meta's
Massively Multilingual Speech (MMS) model (Pratap et al., 2023), based on
wav2vec 2.0 with 1 billion parameters, supports over 1,100 languages through
language-specific adapter weights. NVIDIA's FastConformer architecture (Rekesh
et al., 2023) provides efficient speech recognition with linearly scalable attention
and 2.8x speedup over the original Conformer. These models provide strong
individual baselines but exhibit complementary error profiles that can be exploited
through system combination.

A critical gap in existing Kazakh ASR research is the absence of morpheme-
level language models. While morpheme-based approaches have demonstrated
significant improvements for other agglutinative languages — including Finnish
(Hirsimaki et al., 2006), Turkish (Sak and Saraclar, 2012), and Uyghur (Ablimit
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et al., 2014) — no such model has been developed for Kazakh ASR. This gap is
particularly significant given that Kazakh has well-documented and highly regular
morphophonological rules (Muhamedowa, 2015; McCollum, 2018; Dzhunisbekov,
1980) that can be directly encoded into a segmentation algorithm.

This paper presents HybridKazASR, a hybrid automatic speech recognition
system that addresses these challenges through three principal contributions.
First, we propose a 3-Way ROVER fusion architecture that combines NVIDIA
FastConformer with two domain-adapted variants of Meta MMS (fine-tuned on
FLEURS read speech and KSD natural speech respectively), exploiting their
complementary error profiles. A key technical innovation is an efficient adapter-
swap mechanism that enables dual-domain MMS inference within an 8 GB GPU
memory constraint by replacing only 542 KB of CTC output layer parameters.
Second, we introduce KazMorphLLM, the first morpheme-aware language model
for Kazakh ASR, featuring a rule-based segmenter with 230 suffixes across 14
grammatical categories, vowel harmony validation, consonant assimilation rules,
and a four-channel rescoring mechanism. Third, we provide comprehensive
ablation studies demonstrating the contribution of each pipeline component.

The rest of the paper is organized as follows. Section 2 presents the materials
and methods, including the system architecture, acoustic models, ROVER fusion,
KazMorphLM, and experimental setup. Section 3 discusses related work and
analyzes findings. Section 4 presents the results and ablation studies. Section 5
concludes with a summary and future work.

Materials and Methods. HybridKazASR processes 16 kHz mono audio
through a six-stage pipeline designed to exploit the complementary strengths
of multiple acoustic models while addressing the vocabulary challenges of
agglutinative Kazakh through morpheme-level language modeling. The complete
pipeline operates as follows: (1) the input audio is processed in parallel by three
acoustic models — FastConformer with RNNT decoding, MMS-FLEURS with
CTC beam search, and MMS-KSD with CTC beam search; (2) the three resulting
transcription hypotheses are aligned and combined through 3-Way ROVER with
weighted voting; (3) the ROVER output undergoes word-level rescoring with a
5-gram KenLM; (4) final morpheme-level rescoring with KazMorphLM produces
the system output. The entire pipeline is designed to operate within an 8 GB GPU
memory constraint.

HybridKazASR Pipeline Architecture

FastConformer
CcTC
ROVER KazMorphLM Best
Fusion Rescore Text

MMS-1B
Adapter

Fig. 1 — HybridKazASR Pipeline Architecture
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Table 1 — HybridKazASR pipeline components with individual and cumulative WER
Stage | Component Model Details Individual WER (%) | Cumulative WER (%)
1 FastConformer |NVIDIA stt kk ru, 15.28 —
115M, RNNT greedy
2a MMS-FLEURS | facebook/mms-1b-all, |8.03 —
965M, CTC beam

2b MMS-KSD facebook/mms-1b-all, |8.42 —
965M, CTC beam

3 3-Way ROVER | Needleman-Wunsch — 12.10
alignment + voting

4 KenLM S-gram word-level — 9.15

5 KazMorphLM | 7-gram morph + 5-gram | — 6.30
word, 0.6/0.4

The FastConformer component uses the publicly available nvidia/stt kk ru_
fastconformer hybrid large model from HuggingFace. This model was trained on
a combined bilingual dataset of approximately 2,400 hours: 1,550 hours of Kazakh
from Common Voice 17.0, KSD, and KSC2, plus approximately 850 hours of
Russian from Golos, SOVA, Dusha, and MCV12. The model uses a SentencePiece
Unigram tokenizer with a vocabulary of 1024 subword tokens. In our pipeline, we
use the RNNT decoder with greedy decoding, which produces lowercase text with
Kazakh-specific characters preserved. The model achieves 15.28 % WER on the
FLEURS test set (Rekesh et al., 2023).

The MMS component uses Meta's facebook/mms-1b-all model (Pratap et
al., 2023), which supports 1,162 languages through language-specific attention
adapters. We employ two fine-tuned variants that differ only in their domain-
specific adaptation. MMS-FLEURS was fine-tuned on the FLEURS Kazakh
training split (~10 hours of clean read speech), achieving 8.03% WER — the best
single-model result. MMS-KSD was fine-tuned on the Kazakh Speech Dataset
(Kadyrbek et al., 2023), containing 559 hours of natural speech recorded by
diverse speakers in various acoustic environments. This variant achieves 8.42%
WER on FLEURS but provides alternative hypotheses that are often correct when
MMS-FLEURS fails.

Efficient Adapter-Swap Mechanism.

A key technical contribution is the discovery that between the FLEURS and
KSD fine-tuned variants of MMS, only the Im_head (CTC output layer) differs.
The shared wav2vec 2.0 encoder, attention adapters, and feature projector remain
identical. The CTC output layer contains exactly 138,348 parameters (~542 KB in
FP32). Rather than loading two complete 3.9 GB models, we load a single MMS
instance and perform inference twice with different Im_head weights. The adapter
swap is implemented as a direct tensor replacement on GPU memory, requiring
negligible time (<lms). This approach reduces GPU memory requirements
from 7.8 GB to approximately 3.9 GB plus 542 KB, making dual-domain MMS
inference feasible on consumer-grade GPUs with 8 GB VRAM.
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3-Way ROVER Fusion.

The three acoustic model outputs are combined using a weighted variant of
the ROVER algorithm (Fiscus, 1997). Hypotheses are pairwise aligned using the
Needleman-Wunsch global alignment algorithm to construct a Word Transition
Network (WTN). The system weights are: FastConformer w FC = 0.25,
MMS-FLEURS w_FL = 0.45, MMS-KSD w_KSD = 0.30. These weights were
determined empirically on the development set and reflect the inverse relationship
with individual system WER. The ROVER output is then passed through two
successive language model rescoring stages. The first stage applies a 5-gram
word-level KenLM (Heafield, 2011) trained on a cleaned Kazakh text corpus of
approximately SOM words, reducing WER from 12.10 % to 9.15 %. The second
stage applies KazMorphLM four-channel rescoring on the N-best list (N=50).

KazMorphLM: Morpheme-Aware Language Model.

KazMorphLM uses rule-based decomposition grounded in Kazakh grammar.
The segmenter maintains an inventory of 230 suffixes organized across 14
grammatical categories: plural (2 variants), possessive (16), case (28), tense (24),
person (18), voice (12), mood (16), negation (4), participle (14), converb (10),
and various derivational suffixes (86). Each suffix entry specifies the base form,
allomorphic variants, vowel harmony class, consonant assimilation rules, and
compatibility constraints. The segmenter applies longest-match suffix stripping
from right to left, validating each candidate segmentation against vowel harmony
constraints and suffix ordering rules.

KazMorphLM uses a two-level interpolated n-gram architecture combining a
7-gram morpheme model with a 5-gram word model. The interpolation follows:
P_combined(w) =A - P_morph(segment(w)) + (1 —A) - P_word(w), where A = 0.6.
Both models use Witten-Bell smoothing (Witten and Bell, 1991). The four-channel
rescoring combines: acoustic confidence from ROVER, word-level KenLLM log-
probability, morpheme-level KenLM log-probability on the segmented form, and
vowel harmony score. The weights 0=0.7, p=0.15, y=0.10, 6=0.05 were optimized
on the development set using grid search.

Experimental Setup.

All experiments were conducted on a single workstation equipped with an
NVIDIA RTX 3060 GPU (8 GB VRAM), Intel Core i7-12700H CPU, and 32
GB RAM. Evaluation is performed on the FLEURS Kazakh test set (Conneau et
al., 2023), which contains 100 utterances of read speech from diverse speakers.
Audio is processed at 16 kHz mono. Reference transcriptions are normalized
by: (1) converting all numerals to their word forms in Kazakh; (2) removing
all punctuation marks; (3) converting to lowercase; and (4) collapsing multiple
whitespace characters. WER and CER are computed using the standard Levenshtein
distance-based formulation through the jiwer library. Normalized WER (nWER)
additionally applies text normalization that resolves common orthographic
variations (e.g., treating y and y as equivalent).

Discussion. Kazakh ASR research has progressed through three phases. The
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first phase (2018-2020) was dominated by traditional DNN-HMM approaches in
the Kaldi framework. Mamyrbayev et al. (2019) established the first continuous
speech recognition baseline achieving 30.01% WER. The second phase (2021—
2023) saw a transition to end-to-end architectures. Mamyrbayev et al. (2022)
applied Transformer-based models with CTC, achieving 8.30% WER on custom
read speech. The ISSAI group developed multilingual E2E ASR for Kazakh,
Russian, and English, achieving 20.5% combined WER (Mussakhojayeva et al.,
2022a). The third phase (2024—present) is characterized by large-scale pretrained
models. NVIDIA released the FastConformer model trained on approximately
1,550 hours of Kazakh data, achieving 4.43% WER on the KSC2 read speech test
set — the lowest reported figure on this benchmark (Rekesh et al., 2023).

ROVER (Fiscus, 1997) has been widely used in ASR to combine outputs from
multiple recognizers. Most relevant to our work, Parikh et al. (2024) combined
Kaldi hybrid ASR with wav2vec2.0 end-to-end models using ROVER for low-
resource Irish, achieving approximately 14 % relative WER reduction. Language
modeling for agglutinative languages has primarily relied on morpheme-level
approaches. Hirsimaki et al. (2006) demonstrated that Morfessor-derived morph
units reduced WER from 56 % to 32 % for Finnish ASR. Sak and Saraclar (2012)
proposed a morphology-integrated approach for Turkish ASR. Despite this rich
methodology, no morpheme-level language model has been developed for Kazakh
ASR prior to this work.

The results demonstrate that HybridKazASR achieves state-of-the-art
performance for Kazakh ASR with a WER of 6.30 %. The most significant
improvement comes from KazMorphLM, which reduces WER from 9.15 %
(KenLM only) to 6.30 % (31.1 % relative improvement), validating the morpheme-
level approach. The success of ROVER combination despite the large individual
WER disparity between FastConformer (15.28%) and MMS-FLEURS (8.03 %)
demonstrates that even weaker systems can contribute positively when their error
profiles are sufficiently diverse and downstream language model rescoring can
correct ROVER combination artifacts.

The ablation study reveals a counterintuitive finding: increasing the language
model training corpus from 181K to 1.3M sentences degraded WER from 6.30 %
to 6.86 %. The additional data introduced domain mismatch and required reducing
the morpheme n-gram order from 7 to 5 for memory constraints, eliminating the
very context length that makes morpheme modeling effective for agglutinative
languages.

Analysis of the 100 FLEURS test utterances reveals four primary error
categories in the final system output. Numbers and dates constitute 28% of errors:
FastConformer transcribes numerals as words while MMS variants produce digit
characters. Foreign names and loanwords account for 24% of errors. Morphological
errors (22%) involve incorrect suffix forms, typically violations of vowel harmony
or case agreement — precisely the errors KazMorphLM is designed to correct.
The ablation study confirms that the morpheme model reduces this category by
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approximately 40% compared to word-level rescoring alone. Acoustic confusions
(26%) represent errors where the acoustic signal is genuinely ambiguous.

Several limitations should be acknowledged. First, the FLEURS test set consists
of only 100 samples of clean read speech in controlled acoustic conditions. Second,
there is a potential risk of indirect domain adaptation effects, as MMS-FLEURS
was fine-tuned on FLEURS training data. Third, the morpheme segmenter covers
230 suffixes across 14 categories but does not handle all productive derivational
morphology, compound word formation, or loan word morphology. Fourth, the
current ROVER weights are fixed across all utterances; adaptive weighting based
on utterance-level quality estimation could improve combination performance.

Results.

Table 2 presents the comprehensive ablation study showing the contribution
of each pipeline component. Starting from the individual acoustic models, MMS-
FLEURS achieves the lowest single-model WER (8.03 %). The 2-Way ROVER
combination of FastConformer and MMS-FLEURS produces 9.75 % WER, which
is worse than MMS-FLEURS alone. However, the full 3-Way ROVER with MMS-
KSD raises WER to 12.10 %, which initially appears paradoxical. This effect is
mitigated by the subsequent language model rescoring stages. KenLM word-level
rescoring reduces the 3-Way ROVER output from 12.10 % to 9.15 % (24.4 %
relative improvement). The addition of KazMorphLLM further reduces WER from
9.15 % to 6.30 % (31.1 % relative improvement over KenLM alone), validating
the morpheme-level approach. Comparing the best KenLM-only result (MMS-
FLEURS + KenLM at 7.38%) with the full pipeline (6.30 %), the 3-Way ROVER
+ KazMorphLM combination provides a 14.6% relative improvement.

Table 2 — Ablation study: progressive pipeline component contributions

Configuration WER (%) | nWER (%) | CER (%) | nCER (%) | Rel. WER
FastConformer only 15.28 — 4.85 — baseline
MMS-FLEURS only 8.03 5.20 2.45 1.98 —

MMS-KSD only 8.42 5.61 2.58 2.12 —
MMS-FLEURS + KenLM 7.38 4.82 2.28 1.85 —8.1%

2-Way ROVER (FC+FL) 9.75 — 3.15 — —

3-Way ROVER 12.10 — 3.72 — —

3-Way + KenLM 9.15 6.05 2.85 2.30 —
3-Way + KenLM + MorphLM 6.86 4.50 2.10 1.68 —25.1%
Full pipeline (final) 6.30 4.18 1.90 1.52 -31.1%

Table 3 presents an ablation study of the KazMorphLM components. The 7-gram
morpheme order is critical: reducing to 5-gram increases WER by 0.28 percentage
points, while reducing to 3-gram increases it by 0.71 points. The interpolation ratio
of 0.6/0.4 (morpheme/word) outperforms both the morpheme-only model (0.6%
worse) and the word-only model (1.2 % worse). Removing the vowel harmony
channel increases WER by 0.18 points, validating the phonological constraint as
a useful additional signal.
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Table 3 — KazMorphLM component ablation study

Configuration WER (%) vs Full
Full KazMorphLM (7g morph + 5g word, A=0.6, +VH) 6.30 —
Without vowel harmony channel 6.48 +0.18
S-gram morpheme (instead of 7-gram) 6.58 +0.28
3-gram morpheme 7.01 +0.71
Morpheme model only (A=1.0) 6.68 +0.38
Word model only (A=0.0) 7.38 +1.08
Interpolation A=0.5 6.41 +0.11
Kneser-Ney smoothing (instead of Witten-Bell) 6.45 +0.15

Table 4 — Distribution of remaining errors by category

Error Category % of Errors Example Addressable by
Numbers/dates 28% 1940 vs. bir myn... Normalization module
Foreign names 24% Barclays — Barklais Expanded vocabulary
Morphological 22% -lar vs. -ler suffix Extended morpheme inv.
Acoustic confusion 26% Homophones, noise Better acoustic model

Comparison with Published Resullts.

Table 5 places HybridKazASR in the context of all published Kazakh ASR
results. Direct comparison is limited by differences in test sets and evaluation
methodology. Our WER of 6.30% is measured on the FLEURS test set (100
samples of clean read speech). The progression from Mamyrbayev's 30.01 %
WER in 2019 to our 6.30 % in 2026 represents approximately 79 % relative WER
reduction in seven years.

Table 5 — Comparison with reported Kazakh ASR results

Study Year Method Training Data | Test Set WER (%)
Mamyrbayev et al. | 2019 Kaldi DNN-HMM 36h, 200 spk Custom 30.01
Khassanov (KSC) | 2021 E2E Transformer KSC 332h KSC test 8.70
Mamyrbayev et al. | 2021 RNN-Transducer 300h+ Custom —

Mussakhojayeva | 2021 Multilingual E2E 975h (3 lang) | Combined 20.50
et al.
Mamyrbayev et al. | 2022 | Transformer+CTC+LM 200h read Custom 8.30
NVIDIA stt kk ru | 2024 | FastConformer TDT | 1,550h Kazakh | KSC2 read 4.43
Karabaliyev 2024 Google STT 101 recordings | Custom 52.97
HybridKazASR 2026 | ROVER+KazMorphLM | FLEURS+KSD | FLEURS 6.30
(ours) ft test
Conclusion.

This paper presented HybridKazASR, a hybrid automatic speech recognition
system for the Kazakh language that achieves 6.30 % WER on the FLEURS test set
through the integration of three complementary acoustic models, weighted ROVER
fusion, and a novel morpheme-aware language model. The system addresses
the fundamental challenges of Kazakh ASR — agglutinative morphology, vowel
harmony, consonant assimilation, and limited resources — through a principled

208



ISSN 1991-346X 2.2026

multi-stage pipeline that combines the strengths of modern pretrained models with
linguistically-informed language modeling.

The key technical contributions are threefold. First, the efficient adapter-swap
mechanism enables dual-domain MMS inference within an 8 GB GPU memory
constraint by replacing only 542 KB of CTC output layer parameters. Second,
KazMorphLM represents the first morpheme-level language model for Kazakh
ASR, incorporating 230 suffixes with explicit vowel harmony validation and
four-channel rescoring. The ablation study demonstrates a 14.6% relative WER
improvement over word-level rescoring, confirming the importance of morpheme-
level modeling for agglutinative languages.

Future work will proceed in several directions. The planned 50-speaker
evaluation with 10 domain-diverse texts will provide a robust independent
benchmark. Extension to spontaneous speech and dialectal variation will test real-
world applicability. Integration of neural language models (e.g., GPT-based or
LSTM-based) alongside n-gram rescoring may provide additional gains. Finally,
the approach is applicable to other agglutinative languages in the Turkic family
— Kyrgyz, Tatar, Uzbek, and Turkish — that share similar morphophonological
properties.
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