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Abstract. This paper explores the challenges and advancements in Grapheme-to-Phoneme (G2P) conversion for the
Uzbek language, a low-resource language in speech technology. G2P conversion is a fundamental component in text-to-
speech (TTS), automatic speech recognition (ASR), and other natural language processing (NLP) applications. The accuracy
of G2P directly affects speech synthesis quality and intelligibility. The study reviews traditional rule-based, statistical, and
modern deep learning approaches to G2P modeling, highlighting their advantages and limitations. Particular attention is paid
to the phonological features of Uzbek, such as vowel harmony, loanwords from Russian, Arabic, and Persian, and
homographs, which pose specific difficulties in phoneme prediction. Existing tools like Phonetisaurus, Sequitur-G2P, and
Muxlisa Al are evaluated, noting their potential and current shortcomings. Muxlisa Al represents a significant step in
developing TTS systems for Uzbek, yet its reliance on rule-based methods limits pronunciation accuracy. The paper
emphasizes the importance of integrating morphological analysis, prosodic modeling, and the International Phonetic Alphabet
(IPA) for improved phoneme alignment and synthesis. Furthermore, it suggests adopting hybrid models combining rule-based
systems with neural networks to overcome dataset scarcity and phonological complexity. The findings underscore the need
for continued research in Uzbek-specific G2P modeling to improve speech technology solutions for underrepresented
languages. By enhancing phonetic precision and naturalness, robust G2P models will significantly contribute to digital
inclusivity and the broader application of Al-driven linguistic tools in Uzbek.

Key words: uzbek language, grapheme-to-phoneme (G2P), speech synthesis, phonetics, NLP, text-to-speech (TTS),
automatic speech recognition (ASR)

Introduction. G2P conversion is the process of mapping graphemes (orthographic symbols) to
phonemes (sound units) in a given language [1]. It plays a vital role in converting written text into
phonetic transcriptions, which are essential for TTS, ASR, and other linguistic applications. While many
rich-resource languages have robust G2P models, low-resource languages like Uzbek face significant
challenges due to limited datasets and phonological structures. The accuracy of the G2P model directly
affects the naturalness of speech synthesis and speech intelligibility. One of the essential components of
TTS systems is G2P conversion, which ensures the naturalness, clarity, and phonetic harmony of
synthesized speech. TTS systems are more common in a number of applications. Probably the main use
of TTS today is in call-centre automation, where a user calls to pay an electricity bill or book some travel
and conducts the entire transaction through an automatic dialogue system. Beyond this, TTS systems
have been used for reading news stories, weather reports, travel directions and a wide variety of other
applications. TTS systems generally consist of two primary components: Text processing based on
natural language processing (NLP). Speech generation. The overall performance of TTS systems heavily
depends on this NLP component. In linguistically complex languages, text normalization, G2P
conversion, and prosodic modeling accuracy are crucial for ensuring high-quality speech synthesis. This
paper analyzes the significance of G2P conversion in TTS systems for the Uzbek language, existing
methods, and their effectiveness. Additionally, key challenges in the G2P process and the potential of
statistical and deep-learning-based approaches to address these issues are explored.

G2P modeling. Grapheme-to-Phoneme (G2P) conversion transforms a target word from its written
form (graphemes) into its phonetic representation (phonemes) by applying word segmentation and text
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normalization techniques [3]. Automatic grapheme-to-phoneme (G2P) conversion was initially
developed for text-to-speech (TTS) applications. Following text normalization - where abbreviations,
numerals, and special symbols are expanded—the input text must be converted into a sequence of
phonemes, which serves as the foundation for controlling a speech synthesizer [4]. As shown in Figure

1, the G2P model converts words into phonemes by applying learned phonological rules.

Uzbek words phonemes
computer computer
world world
Journal Journal

Figure 1. Grapheme-to-Phoneme (G2P) model

Related work. The development of G2P models has been extensively studied in various
languages, with methodologies evolving from rule-based approaches to statistical and deep-learning
models. The study by [5] explores the theoretical foundation of G2P conversion and its application to
transliteration, highlighting the importance of phoneme alignment techniques. Recent advances in neural
network-based G2P models have been presented in, where Transformer-based architectures were found
to outperform traditional sequence-to-sequence models in phoneme prediction tasks. A comprehensive
survey of G2P methods [6] categorizes existing approaches into rule-based, statistical, and neural models.
Rule-based systems rely on predefined phonological rules but struggle with loanwords and irregular
phoneme mappings. Statistical models such as Hidden Markov Models (HMMs) and Conditional
Random Fields (CRFs) improve accuracy by learning from annotated datasets. More recent research in
deep-learning models [7] demonstrates that Transformer-based G2P systems can generalize better,
particularly for morphologically complex languages. In the context of low-resource languages, research
[8] shows that phonetic transcription tools such as Phonetisaurus and Sequitur G2P are effective for
training G2P models when annotated phonetic data is limited. Additionally, multilingual phoneme
models, including those integrated into the Montreal Forced Aligner (MFA), have been explored in [9]
to extend G2P coverage to underrepresented languages.

Several open-source G2P implementations have been developed, including:
— Phonetisaurus [10] - a WFST-based G2P conversion tool.
— Piper-Phonemize [12] - a phoneme conversion library for multilingual TTS.
—  CharsiuG2P [12] - a ByT5-based multilingual G2P model, though it lacks correct phoneme
mappings for Uzbek.
— Sequitur-G2P [13] - a data-driven tool widely used for grapheme-to-phoneme conversion.

Phonetisaurus and Sequitur-G2P employ statistical and deep learning-based approaches for
phoneme conversion, whereas Muxlisa Al primarily relies on a rule-based phonetic system. Integrating
an advanced G2P model could significantly enhance its pronunciation accuracy and overall speech
synthesis performance.

Muxlisa Al [14] is a text-to-speech (TTS) system specifically developed for the Uzbek language.
It leverages artificial intelligence (Al) and deep learning to generate high-quality speech synthesis. As
Uzbek is a low-resource language in the field of speech technology, Muxlisa Al represents a significant
step toward enhancing digital accessibility and communication in Uzbek.

Further research is needed to refine Uzbek-specific G2P models, incorporating hybrid approaches
that combine rule-based phonology with machine-learning techniques. The integration of morphological
analysis and prosody-aware phoneme prediction is expected to improve pronunciation accuracy in Uzbek
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TTS systems.

G2P methods. G2P models can be broadly classified into three main categories: rule-based
methods, statistical models, and deep learning approaches. Each of these methods has unique
characteristics, advantages, and limitations, as illustrated in Figure 2. Rule-based G2P systems rely on
an extensive set of grapheme-to-phoneme rules. The development of such a system requires substantial
linguistic expertise to ensure accurate phoneme mapping and rule application. Statistical models improve
upon rule-based approaches by learning probabilistic relationships between graphemes and phonemes
from labeled data. These models are more flexible but require large phonetic corpora for effective
training. Deri and Knight [15] propose statistical grapheme-to-phoneme (G2P) models using weighted
finite-state transducers (WFST) trained on multilingual data from Wiktionary. Their approach
demonstrates how statistical methods can leverage high-resource languages to enhance pronunciation
accuracy for related low-resource languages.

Recent advancements in deep learning have led to significant improvements in G2P modeling by
leveraging neural networks to automatically learn phoneme structures from large datasets. Sharma
(2021) explored novel NLP approaches for enhancing Text-to-Speech (TTS) synthesis, particularly
focusing on improving the grapheme-to-phoneme (G2P) conversion component. The research employed
deep learning architectures, including Long Short-Term Memory (LSTM) networks combined with
attention mechanisms. Sharma's work demonstrated that integrating advanced neural architectures
significantly improves phoneme prediction accuracy and overall naturalness of synthesized speech. The
study provides strong evidence supporting the effectiveness of deep learning-based G2P methods over
traditional statistical and rule-based approaches, especially in handling linguistic complexities and
context-aware pronunciation variations inherent in natural speech [16].

Rule based PhOf:S:gglCd
method S
Finite-State
Transducers (FSTs)

Hidden Markov
model (HMM)

Bayesian
Networks
Grapheme- —
to-Phoneme Statistical Joint sequence model

Hidden Conditional
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onvolutiona
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Figure 2. G2P methods

Materials and methods of research
This study focuses on the development and analysis of a Grapheme-to-Phoneme (G2P) conversion
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model for the Uzbek language, primarily applied in Text-to-Speech (TTS) synthesis, Automatic Speech
Recognition (ASR), and Natural Language Processing (NLP) applications. Given the limited resources
available for the Uzbek language in speech technology, our approach combines both rule-based and

neural network-based models to address the challenges associated with phonetic transcription.

Materials. This study focused on the development and evaluation of the Grapheme-to-Phoneme
(G2P) model for the Uzbek language, using a variety of materials. The primary data source was a
phonetic corpus comprising annotated Uzbek texts, which served for both training and testing the model.
To support model evaluation and comparison, several pre-existing G2P tools, such as Phonetisaurus,
Sequitur-G2P, and Piper-Phonemize, were used. Additionally, both statistical models (e.g., Hidden
Markov Models (HMMs)) and neural network models (including Transformer-based and LSTM-based
architectures) were incorporated to improve G2P conversion accuracy. Model performance was assessed
using standard evaluation metrics, including phoneme error rate (PER) and word error rate (WER).

Methods. The study applied a comprehensive methodology for the development and evaluation of
the Grapheme-to-Phoneme (G2P) conversion model for the Uzbek language. Data preparation involved
normalizing the raw text to address issues such as abbreviations, numerals, and special symbols.
Abbreviations were expanded, numerals converted to their written forms, and unnecessary symbols were
removed. This normalization was carried out using Python scripts specifically designed for Uzbek text,
ensuring consistency across the dataset before G2P conversion. For the G2P conversion, the process was
performed in two stages. Initially, rule-based models were used, applying predefined phonological rules
specific to Uzbek. Subsequently, neural network models (including LSTM and Transformer
architectures) were trained on the phonetic corpora to predict phoneme sequences. The models were
optimized iteratively to enhance phoneme prediction accuracy. The evaluation and analysis of model
performance was conducted using standard metrics, phoneme error rate (PER) and word error rate
(WER), by comparing the predicted phoneme sequences to the ground truth transcriptions. In addition,
qualitative analysis was performed to evaluate the naturalness and intelligibility of the synthesized speech
in TTS applications. Finally, statistical analysis was carried out using descriptive statistics to compare
the performance of the models based on PER and WER.

Phonetic Analysis. The phonetic analysis of Uzbek vowel phonemes highlights the significance
of articulatory characteristics, particularly tongue positioning and lip rounding, in differentiating vowels.
Lip rounding notably impacts the production of specific vowel qualities. This analysis [17] demonstrates
that rounded vowels are subject to constraints arising from physiological and phonological factors, thus
limiting their phonetic distribution. Additionally, it underscores the interplay between tongue position
and the expansion of the oral cavity, both critical in determining vowel acoustics. Moreover, the study
suggests that lip rounding does not establish a distinct articulatory space but rather modifies the acoustic
properties of existing vowels, particularly open and mid-open vowels. A detailed understanding of Uzbek
vowel phonetics is therefore essential for accurate phonetic modeling, especially in Grapheme-to-
Phoneme (G2P) conversion and speech synthesis applications. Insights from this analysis can
significantly enhance the precision and reliability of Uzbek language processing tools by accounting for
articulatory and phonological variations. To further improve G2P accuracy, aligning the Uzbek alphabet
with the International Phonetic Alphabet (IPA) is recommended, as the IPA [18] provides a standardized
phonemic representation that facilitates precise speech synthesis and linguistic processing within TTS
and ASR systems.

Narrow i(y) b (Y)
Mid-Open e (o) (o)
Open 3 an

Table 1. Uzbek vowel phonemes
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Based on our extensive discussions, analyses, and research on Grapheme-to-Phoneme (G2P)
conversion, it is clear that developing a robust G2P model for the Uzbek language is crucial for several
reasons.

Factors Description
Phonetic Complexity and | Uzbek phonetics involve vowel harmony, dialectal variations,
Variability and loanwords.

Text-to-Speech (TTS)  High-quality TTS relies on accurate phoneme predictions.
Systems Precise G2P conversion ensures natural prosody, rhythm, and
pronunciation, essential for intelligible speech synthesis.
Automatic Speech | ASR requires accurate phoneme modeling. A robust G2P model
Recognition (ASR) enhances transcription accuracy by reducing phoneme

recognition errors, particularly in spontaneous speech contexts.
Machine Translation and | Accurate phonetic transcriptions improve machine translation,
NLP Applications text alignment, keyword search, and sentiment analysis by
ensuring consistency between written and spoken forms.

Results and its discussion

The performance of the Grapheme-to-Phoneme (G2P) models was evaluated using rule-based
phonological rules specific to the Uzbek language. The rule-based G2P model performed effectively with
regular and standard words but showed limitations with more complex linguistic constructs. Its reliance
on predefined phonological rules made it suitable for straightforward phoneme mapping but less
adaptable to loanwords and words with irregular phonetic patterns. Although the rule-based approach
provided a solid foundation, it encountered challenges in processing loanwords from languages like
Russian, which do not always adhere to the phonetic conventions of Uzbek. Consequently, the model
struggled with accurately mapping graphemes to phonemes in these cases.

Problems. Although Uzbek employs a phonemic orthography, several linguistic challenges
complicate Grapheme-to-Phoneme (G2P) conversion. The presence of vowel harmony significantly
impacts phoneme mapping accuracy, requiring context-sensitive phonetic analysis. Additionally, the
incorporation of numerous loanwords from languages like Russian, Arabic, and Persian often diverges
from standard Uzbek phonetic conventions, complicating consistent phoneme representation. The
existence of homographs, where words share the same spelling but differ in pronunciation, further
complicates the process, necessitating advanced context-aware processing. Lastly, there is a scarcity of
comprehensive phonetic datasets for Uzbek, making it difficult to develop and train robust G2P models.

Conclusion. This study highlights the importance of Grapheme-to-Phoneme (G2P) modeling for
the Uzbek language, emphasizing its critical role in text-to-speech (TTS) synthesis, automatic speech
recognition (ASR), and broader NLP applications. Given Uzbek’s phonological complexity and low-
resource status in speech technology, developing an accurate G2P system is essential to enhancing
pronunciation accuracy and the naturalness of synthesized speech.

Developing a high-quality G2P model for Uzbek requires expanding phonetic and textual corpora,
implementing hybrid models that combine rule-based and neural network approaches, and integrating
morphological analysis to improve context-based pronunciation predictions. As Uzbek language
technologies continue to advance, an optimized G2P model will significantly bridge the gap between
written and spoken language, thereby enhancing the effectiveness and accuracy of Al-driven linguistic
applications.
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Anparna. Byn makanana ka3z0ama MOTiHII IBIOBICTHIK (hopMara TYpJCHIIpyIe MaHBI3IBI oIl aTKapaThIH rpadema-
¢donema (G2P) xoHBEepCHACHIHBIH ©30€K TiNIiHE KATHICTHI epeKIIemiKTepi KapacTeipeuiansl. G2P moneninig monmiri ceiiney
CHHTE31HIH TaOMFIIBIFBI MCH TYCIHIKTLTITIHE TiKeneH acep eTeni. ©30ek Tiii — pecypcrapsl MIeKTeYi Tianepaiy Oipi petiHme
G2P mojenblepiH AambITyAa OlpkaTap KUBIHIbIKTapFa Tam Oojajpl. Makanaia Kasipri KOJIaHBICTaFbl 9IIICTEpP: epexere
HETI3/IeIreH, CTATHCTHKAJBIK JKOHE TepeH HeHpOHABIK jkeniepre cyiieneriH G2P Ttocinaepi cHmaTTanbii, OJIApIbIH
apTHIKIIBUIBIKTAphl MEH IEeKTeylepi capanrtaiaabl. ABtopiaap G2P KOHBEepCHSICHIHBIH MOTIHJI ABIOBICTAY Ky#enepinaeri
(TTS), aBroMaTThI coiiieyni Tany (ASR), MalIMHANBIK ayAapMa KoHE JIMHIBUCTHKAJIBIK TaJIay CUSKTHI KOChIMIIANAP/IaFbl
MaHbI3bIH KepceTei. Makaiiazia 030ex TiliHiH (pOHETHKAIBIK KYpAEIUIIri, acipece AaybICThI JbIOBICTAP/IbIH AP TUKYIISLUSIIBIK
epexieliktepi MeH (OHOJIOTHSUIBIK YHIECIMALIT, COHIal-aK e3re TUIIEepAeH SHIeH Cce3lep MEH oMmorpadrap CHSKTBI
¢dakropmap G2P mopnenin kublHIATaThIHEI KepcerimreH. CoHeIMeH Katap, aBTopiap Muxlisa Al cekinmi e30ex TiniHe
aprarad TTS okyHenepiHiH JKETICTIKTepi MeH MmIeKTeylepiH Tammam, 3amaHayn G2P wMomemsnepiH eHTi3ymiH
MaHBI3BUIBIFEIHA TOKTaNanel. bonamiakra e30eK TUTIHAETI HAKTHI opi TaOWFU NBIOBICTAyOBl KaMTaMachl3 €Ty YIIiH
MopdosorusblK Tanaay MeH IPA xyiteciHe colikecTeHAIpy YCHIHBIIAIBI. Byi 3epTTey pecypchbl IIEKTeyli TUIaep YIIiH
tuimai G2P Monenbaepin 93ipieyre jK0IT amaibl.

Tyiiin ce3mep: o30¢k Timi, rpadpemanan ponemara Typneraipy (G2P), cetiney cunresi, poHeTrKa, TAOUFH TIAL OHICY
NLP, marinnen ceiineyre cunresney (TTS), aBromartsl ceiineyni tany (ASR).
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K.)KybaHoB aTbiHIarsl AKTOOE OHIpIIIK yHUBEpCUTETiHIH Xabapibickl, Ne2 (80), mayceim 2025
OJeyMETTIK-TYMaHUTapIbIK FUIbIMIap-ConnansHO-TyMaHuTapHbie Hayku-Social and humanities sciences

AnHoTtammsi. B craree paccmarpuBaercsi npoOsiema konsepcuu rpadem B Qonemsl (G2P) nmpumeHUTENBHO K
y30€KCKOMY f3bIKY, KOTOPBIM OTHOCHTCA K YMCIIy MaJlOPeCypCHBIX s3bIKOB. IIpomecc G2P urpaer xitoueByro poib B
cucreMax cuntesa peur (TTS), aBromaTiueckoro pacnosHaBanus peun (ASR) u Apyrux JUHTBUCTHYECKUX MPUIOKECHUAX.
ABTOpPHI TOJPOOHO aHANU3UPYIOT CyIIECTBYIONME MoaX0Abl K G2P-MoaenMpoBaHuIO: IpaBuila, CTATUCTUYECKUAE METOIBL, a
TaK)Xe COBPEMEHHBIC HEHPOCETEeBbIe apXUTEKTYpHI, B YacTHOCTH, TpaHchopMmepsl 1 LSTM. Ocoboe BHUMaHHE yIENIeTCs
crenprke (GOHETHKH y30EKCKOrO A3bIKA: TapMOHHMH TIJIACHBIX, APTHKYJIALHOHHBIM OCOOCHHOCTSAM, HAaIUYHUIO
3aMMCTBOBAaHHBIX CJIOB M OMOTpadoB, UYTO CO3IACT ONpeNeNEHHBIE TPYOHOCTH MPU MOCTpOoeHUM TodHBIX G2P momerneit.
PaccmarpuBaroTcss BO3MOKHOCTH HCIIONIB30BaHHS OTKPBITHIX MHCTPYMEHTOB, TakuxX Kak Phonetisaurus, Sequitur-G2P u
CharsiuG2P, a taxxe cuctema Muxlisa Al, mpenHazHaueHHas ISl CHHTE3a Pedl Ha Y30EKCKOM sI3BIKE. YKa3bIBaeTCs Ha
HEeo0X0UMOCTh THOPUAHBIX MoOJeJell, cOYeTalomuX MpaBuia ¢ METOAaMM MAIIMHHOIO OOy4eHHMs, a Takke HHTEerpaluy
MOP(}OTOrMYECKOro aHamu3a U y4€Ta IpocoanuecKkux ocoOeHHocTel peun. Ocoboe 3HaueHHE MPHIAETCSA COTIAaCOBAHUIO
andaBuTa y30EKCKOro s3bIKa C MEXKAyHapoAHBIM (oHeTHyeckuM andaButoM (IPA) anst HOBBIIEHUS TOYHOCTH
TpaHCKpUnuui. CTaThsi MOMYEPKUBACT aKTYaIbHOCTh AajbHEHIINX HccienoBaHuil B obnactu G2P-monmenupoBaHus 1uist
y30EKCKOTO sI3bIKa C ILIENBI0 CO3/IaHMs BBICOKOKAYECTBEHHBIX PEUYEBBIX TEXHOJOTHH M pacUIMpPEeHHss MX NPUMEHEHHUS B
uQpoBoi cpese.

KiaoueBble cioBa: y30ekckuii s3bIK, TpademHO-poHemMHOe mTpeobOpasoBanme (G2P), cuHTE3 peun, QoHETHKA,
obpaboTtka ecrectBeHHOTO s3b1ka (NLP), mpeoOpazoBanme Tekcra B peus (TTS), aBTOMaTHUeCKOe pacro3HABaHUE PEUd
(ASR)
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