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Abstract. This research addresses the need to improve semantic information
retrieval efficiency in low-resource languages, with a focus on Kazakh. Its
agglutinative structure, morphological variability, and lexical ambiguity pose
challenges for conventional models, which fail to capture grammatical and contextual
factors fully. The study aims to develop an approach for selecting and comparing
text vectorization models in intelligent search systems, taking into account Kazakh
linguistic features, and to construct a mathematical model for computing semantic
similarity in a multidimensional vector space. The methodology involved the
empirical testing of six models (TF-IDF, Word2Vec, FastText, GloVe, BERT, and
KazBERT) on a 24,000-text corpus in Kazakh. Vectorization used CLS-tokens,
with morphological preprocessing via Kaznlp. Semantic similarity was measured
with a cosine metric enhanced by an original grammatical compatibility modifier.
Model performance was evaluated using precision, recall, and F1-score. Results
showed that KazBERT with morphological analysis achieved the highest accuracy,
outperforming multilingual BERT by 11-15% and TF-IDF by over 30%. FastText
proved robust to morphological variation but less effective for syntactically complex
queries. The scientific novelty lies in creating a hybrid model for intelligent search
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tailored to Kazakh’s agglutinative nature and introducing a morpho-syntactic metric
that improves sensitivity to grammar. The study concludes that grammar-adapted
vector models significantly enhance retrieval relevance. The proposed architecture
can be applied in real-world systems processing diverse queries. Future research
will expand the Kazakh corpus, fine-tune transformer models on specialized data,
and adapt the architecture for other Turkic languages with similar morphology.
Keywords: semantic similarity, agglutinative language, morphological
processing, transformer architecture, relevance ranking, Kazakh-language corpus
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AHHOTanmus. byl 3epTTey mIeKTeym TUIIK pecypcTap KaFaaiblHaa, acipece
Ka3ak TiTiHe KaThICThI, CEMaHTHKAJIBIK aKITAPATTHIK 13ACyA1H THIMILUTITIH apTTHIpyFa
OarpiTTanFaH. Kaszak TUTIHIH armIOTHHATHBTI  KYPBUIBIMBL, MOPQOIOTHSIIBIK
©3TEePrillTIri MEH JIGKCHKAIBIK KOIIMOHIUIITT JOCTYPIi MOJENbIACp YIIiH eneyii
KUBIHIBIKTAp TyFbI3adbl, ce0ebi onap TrpaMMaTHKaIbIK JKOHE KOHTEKCTIK
(hbakTOpIappl TONBIK €CKepe alMaibl. 3epTTeydiH Makcarbl — Ka3ak TiUTiHIH
EPEeKIEeNKTePiH eCKepe OTHIPBIN, WHTEJUICKTYalIbl i3ey JKyhelepiHae MOTiHIl
BEKTOPHM3ALMSUIAy MOIENBACPIH TaHAay MEH CalbICTBIPYIbIH HEri3leNreH
TOCUTIH 93ipliey JKOHE KOIeNIIeMIi BEKTOPIBIK KEHICTIKTe CEeMaHTHUKAJBIK
YKCAaCTBIKTBI €CENTey YLIIH MaTeMaTHKaJIblK Mozenb Kypy. Opicnama 24 000
Ka3aK MOTiHIHEH TYpaTblH Kopmyc Herizinae antel moaensai (TF-IDF, Word2Vec,
FastText, GloVe, BERT xone KazBERT) sMmmupukanblK ChIHAKTaH OTKi3yTe
Herizgenred. Bekropuzauus CLS-TokeHIep apKbUIBI XKYPri3ini, MOpOIOTUsIIBIK
angeiH  ana enaey Kaznlp Kkypansl apkbuibl  opblHAANABL. CeMaHTHKAIbIK
YKCAaCThIK TPaMMAaTHKaJbIK COMKECTIKTI €CKepeTiH TYNMHYCKa MOAM(UKATOPMEH
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KETUMIPIATeH KOCHHYCTHIK METpUKa KeMeriMeH eumeHnai. Mopenbaepin
TriMTri precision, recall sxone Fl-score merpukamapbl OOWbIHINA OaFajaHIIbL.
Hormwxenep KazBERT mozeni Mopdomorusiiplk TajmaymeH Oipre eH KOFaphl
TOIIIKTI KepceTkeHiH monenaeni: on kentiunai BERT-ten 11-15%-ra sxone TF-
IDF-ten 30%-nan acramra acwin TycTi. FastText mopdonorusnsix esrepicrepre
Te3iMIi OOJIFaHBIMEH, CHHTAKCHUCTIK KYPJIEIi Cypayiap/ia THIM/IUTIT TOMEH OOJIbI.
FruIbIMU KaHANBIFBI — Ka3aK TUTIHIH arrifOTHHATHUBTI TaOWFaThiHA OcHiMOENreH
WHTEIUICKTYaJIbl  13/I€y/IiH THOPUATI MOJENIH jKacay >oHE TIpPaMMAaTHKAJBIK
CpEeKUIETIKTEepPre Ce31IMTaNIBIKTEl apTThIPaThlH MOP(O-CHHTAKCUCTIK METPUKaHbI
eHrizy. KopbITBIHIBICBIHAZ TpaMMaTHKaHbl €CKEPETiH BEKTOPJIBIK MOICIBACD
1371y peNeBAaHTTBUIBIFBIH aWTapibIKTall apTTHIPaThIHBl PacTajibl. ¥ ChIHBUIFAH
ApXHUTEKTypa 9pTYPIl cypay TYpJepiH eHACHTIH HaKTHI JKyHeneple KONIaHbUTybl
MYMKiH. bonamak 3eprreyiepiiH NepcleKTUBalapblHAa Ka3ak Tildl KOPIYCBHIH
KeHeHTy, TpaHchopmepiiepai MaMaHJaHIbIPBUIFAH JAEPEKTEpAC KOChIMINIA YHPETY
KOHE yKcac MOpQoIorusichl 0ap 0acka TYpKi Tuigepine Oelfimey xKarabl.

Tyiiin  ce3jep: CceMaHTHUKAJIBIK YKCAacThIK, MOPQOJIOTHSIIBIK  Taljaay,
TpaHcoOpMep VITIiCi, aKMaparThIK PEJeBAaHTTHIK, Ka3aK MOTIHIIK KOPIIYCHI,
adPUKCTIK KYpBUTBIM
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AHHOTa].lI/Iﬂ. I[aHHOC HCCJIICA0BAHUC HarpaBJICHO Ha ITOBBIICHUE
3(1)(1)6KTI/IBHOCTI/I CCMAHTHUYCCKOI'0 IMONCKAa B YCJIOBHUAX OTPAHUYCHHBIX A3BIKOBBIX
peCypCcoB, € AKICHTOM Ha Ka3axCKHM SI3bIK. Ero armmoTrnmHaTUBHAS CTPYKTYypa,
BBICOKasA MOp(l)OJ'IOI‘I/I‘IeCKaH U3MCHYMUBOCTL M JICKCHUYCCKasd HCOIHO3HAYHOCTH
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CO3JaI0T CEpbE3HBIE TPYAHOCTH JUIS TPAAMLMOHHBIX MOAEIEH, KOTOpble HE
CIOCOOHBI [TOJTHOIIEHHO YYHUTHIBATh IPAMMAaTHUECKUE U KOHTEKCTYanbHbIE (PakTOPHI.
Lenp paboTel 3akiodaeTcs B pa3paboTke MOAXOHAa K BBIOOPY M CpPaBHEHHUIO
MofieTiell BEKTOPU3ALMHM TEKCTa JUIS HHTEIUICKTYyaJbHBIX ITOMCKOBBIX CHCTEM C
y4€TOM 0COOEHHOCTEN Ka3aXCKOT0 SI3bIKa, @ TAKXKE B TOCTPOCHUH MAaTeMaTH4eCKOn
MOJICTI BBIYUCIICHUS CEMAaHTHYECKOTO CXOACTBA B MHOTOMEPHOM BEKTOPHOM
npocTpaHcTBe. MeTomoIorusl OCHOBaHa Ha SMIMPHUYECKOM TECTHPOBAHUHU LIECTH
moneneit (TF-IDF, Word2Vec, FastText, GloVe, BERT u KazBERT) na xopmyce
n3 24 000 ka3axcKMX TEKCTOB. BekTopH3alys BBINOIHANACH C UCHOIB30BAHUEM
CLS-tokenoB, Mop¢osorudyeckas nperoopadoTKa OCyIIECTBISUIACH C MOMOIIBIO
nHctpymenta Kaznlp. CemaHTHYeCKOe CXOICTBO H3MEPSIOCh KOCHHYCHOH
METPUKOH, JOTMOJHEHHOM OpPUTMHAIBHBIM MOAM(PHUKATOPOM T'paMMaTH4eCKOn
COBMECTHUMOCTH. D(QPEKTUBHOCTh MOAEIECH OLEHUBAJach IO METPUKaM
precision, recall u Fl-score. Pesynprarel nokazamu, uro KazBERT B couetanun
¢ MOpP(}OIOTHUECKUM aHaJIM30M TPOAEMOHCTPUPOBAT HAWOONBUIYIO TOYHOCTH,
npeBblcuB Mokaszarenu MHorossbiuHoro BERT na 11-15% u TF-IDF Gonee uem
Ha 30%. FastText oka3ancsi ycTOHYHBBIM K MOP(OIOTHYECKON BAPUATUBHOCTH, HO
MeHee HPPEKTUBHBIM NPU CHHTAKCUYECKH CIOKHBIX 3ampocax. Hay4unas HoBu3Ha
3aKIIIoyaeTcss B pa3padoTKe THOPUAHOW MOJENM HMHTEIUIEKTYaJIbHOTO ITOMCKA,
alalTHPOBAaHHOM K arMIIOTHHATUBHOM IPUPO/IE Ka3aXCKOTO SI3bIKA, U B IPEUIOKCHUT
MOP(O-CHHTAKCUYECKOM ~ METPHKH, IOBBIMIAIOUICH  YYBCTBUTEIBHOCTH K
rpaMMaTHYeCKUM OCOOCHHOCTSIM. B 3akiiouyeHMM TOATBEpKIAeTCs, UTO
ajlanTanusl BEKTOPHBIX MOJENEH ¢ y4ETOM IpaMMaTHKU CYLIECTBEHHO MOBBIIIACT
penieBaHTHOCTh NoucKa. [IpemioxkeHHasi apXUTEKTypa MPUMEHHMa B PEajibHbBIX
CHCTEMax C Pa3HOOOpa3HBIMH THIIAMH 3ampocoB. llepcrekTHBBI JanbHEUIINX
HCCIIeI0OBAaHUM BKITIOUAIOT paclIMpeHne Kopiyca, 1000ydenne Tpaac(opmepoB Ha
CHEeLUAIN3UPOBAHHBIX JAHHBIX U aJallTalluI0 apXUTEKTYPBI ATl APYTHX TIOPKCKUX
SI3BIKOB CO CXOXKEH MOP(OIOTHEH.

KiroueBble cj10Ba: ceMaHTHYECKOE CXOJCTBO; ArTIIOTHHATUBHBIN SI3bIK;
Mopdonornueckas o06padoTka; TpaHC(POpPMEpHas apXUTEKTYpa; PeeBAaHTHOCTH;
Ka3aXCKOSI3bIYHBIH KOPITYC

Introduction. Modern intelligent information retrieval systems are faced with the
need to process and interpret vast volumes of unstructured data, such as text, images,
and multidimensional arrays. One of the key scientific and applied challenges in
this field is the development of models capable of effectively identifying semantic
relationships between queries and documents, while minimizing information loss
and improving the precision of relevant results retrieval. Vector space models, which
serve as the foundation for representing textual information numerically, show
significant potential in addressing this problem, especially given the rapidly growing
information flows and the need for adaptive, context-dependent search capabilities.
However, several unresolved issues remain, including the limitations of traditional
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methods in interpreting ambiguous lexical constructs, the dependency of results
on the quality of data preprocessing, and the need to integrate these models into
complex, multi-layered architectures of intelligent systems. These circumstances
underscore the relevance of scientific analysis and practical implementation of
vector-based approaches aimed at enhancing the quality of information retrieval,
increasing system adaptability, and reducing the cognitive load on the end-user.

Literature review. In the current landscape, the development of intelligent
information retrieval systems based on vector models is of paramount importance
for ensuring relevance, high processing speed, and multilingual support amid the
growing volume of information. An analysis of scientific literature reveals four
leading research directions that form the conceptual basis for applying vector space
models in search systems.

The first direction covers the development of classical and neural vector
space models. For instance, B. Abu-Salih adapted the classic VSM model to the
morphologically complex Arabic language, which improved search accuracy by
accounting for inflectional features (Abu-Salih, 2018). C. van Gysel, M. de Rijke,
and E. Kanoulas introduced neural vector spaces for unsupervised retrieval,
emphasizing the effectiveness of deep text representations with minimal need
for labeled data (Van Gysel et al., 2018). B. Mitra and N. Craswell conducted a
fundamental review of neural information retrieval, highlighting key architectures
and avenues for their improvement (Mitra & Craswell, 2018). Y. Zhu, H. Yuan, S.
Wang, et al. examined in detail the role of large language models in search tasks,
noting their potential for self-learning and enhanced contextual relevance (Zhu
et al., 2023). Future work should focus on developing hybrid architectures that
combine classical vector models and transformers to improve search robustness in
the face of semantic ambiguity.

The second direction relates to the semantic specialization and refinement of
vector spaces. N. Mrksi¢, 1. Vuli¢, D. O'Séaghdha, et al. proposed a method for
semantic specialization of vectors using monolingual and cross-lingual constraints,
which significantly improved the precision of semantic word grounding (Mrksi¢ et
al.,2017). F. Glinther, L. Rinaldi, and M. Marelli discussed the cognitive foundations
of vector models, pointing out common misconceptions about their ability to
accurately represent meaning without considering mental context (Giinther et al.,
2019). H. Ren, W. Hu, and J. Leskovec developed the Query2box model, where
queries are interpreted as multidimensional geometric regions, enabling logical
operations on knowledge in vector form (Ren et al., 2020). Promising research
avenues include integrating vector representations with ontologies and logical
knowledge structures to enhance the explainability of search results.

The third direction involves the development of scalable and context-adaptive
systems built on vector databases. R. Tareaf, M. AbulJarour, T. Engelman,
et al. described an architecture for integrating vector databases to accelerate
contextualization in large language models, opening prospects for efficient
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storage and retrieval of semantic representations (Tareaf et al., 2024). D. Gillick,
S. Kulkarni, L. Lansing, et al. developed an approach for training dense entity
representations, which ensures high-precision search in open domains (Gillick
et al., 2019). V. Karpukhin, B. Oguz, S. Min, et al. implemented Dense Passage
Retrieval as a foundation for open-domain question answering based on dense
vectors (Karpukhin et al., 2020). N. Thakur, N. Reimers, A. Riicklé, et al. introduced
BEIR — a representative dataset for zero-shot evaluation of retrieval models, which
enabled large-scale comparisons without additional training data (Thakur et al.,
2021). It is advisable to develop methods for optimizing the structure of vector
databases with a focus on accelerating access and improving scalability in real-time
systems.

The fourth direction covers the interface and applied aspects of using vector
models. Y. Hassan-Montero and V. Herrero-Solana proposed an improvement to tag
clouds as visual interfaces for vector models, enhancing the clarity and intuitiveness
of interaction (Hassan-Montero & Herrero-Solana, 2024). Y. Nie, H. Chen, and M.
Bansal combined fact extraction and verification within semantic neural networks,
which increased the reliability of search answers (Nie et al., 2019). S. Li, J. Jin,
Y. Zhou, et al. explored a generative approach to information retrieval, where the
model not only finds documents but also generates answers close to the meaning
of the query (Li et al., 2025). B. S. Khater, A. W. Abdul Wahab, M. Y. 1. Idris,
et al. developed a lightweight perceptron-based model for fog computing, which
can be adapted for low-power intelligent search systems (Khater et al., 2019).
Research into interface solutions based on vector semantics should be deepened,
with capabilities for adapting to user behavior and personalizing search strategies.

Thus, the analysis confirms the existence of a multi-faceted approach to the
application of vector models in intelligent search systems — from classic VSMs
to generative LLMs, and from semantic detailing to integration with knowledge
bases. All of this forms a scientifically grounded platform for building adaptive,
scalable, and semantically sensitive information retrieval systems.

Despite a significant body of research on vector models for text representation,
several key aspects remain unresolved. Primarily, the specifics of applying such
models to agglutinative languages, particularly Kazakh, are poorly studied. Key
problems include insufficient sensitivity to variable word forms, limited adaptation
to morphological structure, a narrow training base, and a scarcity of empirical data.
Furthermore, most existing models have been tested on general-purpose corpora,
which reduces their applicability to languages with high grammatical complexity.

The proposed study aims to address these gaps by developing a mathematical
model for intelligent search that integrates KazBERT with morpho-syntactic
analysis tailored for the Kazakh language. A comparative analysis of six models
(TF-IDF, Word2 Vec, FastText, GloVe, BERT, and KazBERT) was conducted, using
local text data and applying new semantic similarity metrics. This allowed for a
deeper understanding of the interaction between the grammatical structure of the
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language and search quality, as well as proposing practical solutions to improve the
relevance of results for morphologically complex languages.

The purpose of this study is to provide a scientific justification and comparative
analysis of vector models for text representation used in intelligent information
retrieval systems, considering the specifics of the Kazakh language, and to develop
a mathematical model of semantic matching in a multidimensional vector space to
improve the effectiveness of search algorithms.

Tasks of the article:

* to conduct a comparative analysis of the effectiveness of TF-IDF, Word2 Vec,
FastText, GloVe, BERT, and KazBERT models in semantic search tasks, considering
the morphological features of the Kazakh language;

* to formalize the principles of calculating semantic similarity in a vector space
and construct an adapted model for intelligent search;

* to identify the limitations of existing models and develop recommendations
for their combination and tuning for agglutinative languages.

Hypotheses of the study:

 context-dependent vector models (e.g., BERT and KazBERT) provide higher
precision and recall in intelligent search compared to statistical models like TF-IDF
and Word2Vec when applied to Kazakh-language texts;

* semantic similarity metrics based on the cosine measure between vector
representations demonstrate stable effectiveness when processing texts containing
variable word forms and synonymy, which are characteristic of the Kazakh
language;

* the application of vector models in combination with morphological analysis
helps to increase the relevance of search results in the context of the agglutinativity
and polysemy of the Kazakh language;

 the problems of low lexical unit frequency and limited training corpora
significantly reduce the effectiveness of neural network models without prior fine-
tuning on specialized Kazakh data;

* the combined use of FastText and KazBERT models allows for achieving an
optimal balance between accuracy, processing speed, and the ability to handle rare
words in intelligent search systems.

Materials and methods. The study utilized a sample of 24,000 Kazakh-
language texts, including news articles, academic publications, and user queries,
which were collected and annotated for relevance assessment purposes. To verify
matching accuracy, a manually labeled test set of 500 "query-relevant document"
pairs was used, balanced by query type (single-word, phrasal, grammatically
complex, interrogative, and synonymous constructions).

The TF-IDF, Word2Vec, FastText, and GloVe models were trained on a unified
corpus using the Gensim and Scikit-learn libraries. The BERT and KazBERT models
were used in their pre-trained configurations from the HuggingFace platform (bert-
base-multilingual-cased and KazBERT-base).
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Text preprocessing included tokenization, cleaning, and morphological analysis
using Kaznlp, a tool adapted for the Kazakh language. Contextualized vector
representations were obtained via the CLS token, and semantic similarity between
queries and documents was calculated using the cosine metric. Additionally, a
morpho-syntactic correspondence modifier was applied, which considers matches
in grammatical features (case, number, possessive affixes). Model quality was
evaluated based on Precision, Recall, and F1-score metrics. The comparison was
performed in the context of searching for the top 5 documents for each query. The
results were interpreted with expert evaluation (3 native-speaking experts, a S-point
scale, consensus conclusion), as well as considering computational complexity
(processing time and memory per query).

The proposed architecture was tested under practical conditions on a local
server using Python 3.10 and an NVIDIA T4 GPU, ensuring the reproducibility
of calculations and a reliable assessment of model effectiveness in the context of
a real-world application for Kazakh-language search. This function reflects the
core logic of the hybrid model, combining contextual encoding with morpho-
syntactic relevance adjustment. The use of CLS-token embeddings ensures deep
semantic capture, while the morpho-syntactic coefficient accounts for grammatical
compatibility, especially critical for agglutinative languages like Kazakh. In the full
implementation, grammatical features are extracted using Kaznlp, and queries are
processed in batches for computational efficiency.

Results. In an era of rapid growth in digital information volume, the task of
effective informationretrieval is becoming increasingly significant. A key component
of modern intelligent search systems is vector models of text representation, which
transform lexical units into numerical vectors in a multidimensional space, enabling
the assessment of semantic similarity between queries and documents.

The development of such models has progressed from simple statistical
approaches based on frequency characteristics to context-dependent neural
network architectures that can account for the complex linguistic features of a
language. In recent years, analyzing the effectiveness of these models for low-
resource languages, particularly Kazakh, has become especially relevant, as their
morphological variability, agglutination, and polysemy create additional challenges
for vector encoding (Table 1).

Table 1 — Generalized characteristics of vector text models for intelligent search tasks

Word Form | Context e el L.

Model Model Type Representation | Support Advantages Limitations

Basic Simple Insensitive to
TF-IDF Statistical None implementation, synonymy and

(word as token) .
high speed polysemy

Word2Vec | Neural network | Whole words Partial Con51.ders proximity Lgses meaning
in context with rare words
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Handles Does not capture
FastText | Neural network N-grams Partial agglutinative p
global context
languages
. . Poor adaptation
GloVe Statlstlcgl- Whole words None Effective on large to variable word
semantic corpora
forms
Deep contextual High
BERT Transformer | Subword tokens Full p i computational
understanding .
requirements
KazBERT | Transformer | Subword tokens Full Adapted for the Réqmres specific
Kazakh language infrastructure

Source: Compiled by the author based on (Abu-Salih, 2018; Mitra & Craswell, 2018; Mrksi¢ et
al., 2017; Zhu et al., 2023; Li et al., 2025).

The conducted analysis is based on an empirical comparison of six models
in a controlled experiment, which aimed to evaluate the applicability of vector
representations for intelligent search in Kazakh-language texts. The experiment was
conducted on a corpus of 1,200 documents from Kazakh academic publications,
news texts, and user queries, which were standardized and annotated for relevance
assessment tasks. Each model was used to search against 100 unique queries
covering a wide range of topics and was compared based on the following criteria:
correctness of morphological matching, ability to consider context, robustness to
rare words, and technical applicability (response time, library availability, memory
consumption).

For BERT and KazBERT, models from the open HuggingFace repositories
were used with the parameters "bert-base-multilingual-cased" and "KazBERT-
base," respectively. TF-IDF, Word2Vec, and FastText were trained on the same
corpus, while GloVe was loaded as a pre-trained model. The conclusions were
based on the Fl-score calculation, as well as on a manual expert review of the
search result relevance (3 experts, 5-point scale, consensus decision). In practice,
it was established that context-based transformer models, especially KazBERT,
significantly outperform classical models in tasks requiring consideration of the
semantic features of an agglutinative language. FastText also showed high robustness
to word form variations and lexical rarity, making it a valuable component for
hybrid search architectures. In contrast, TF-IDF and GloVe demonstrated limited
capabilities when working with the Kazakh language, particularly in processing
complex grammatical structures and ambiguous forms.

One of'the central tasks in intelligent search is determining the degree of semantic
similarity between queries and documents. The effectiveness of its solution directly
depends on the method of mathematical text representation and the choice of metric
used for the quantitative assessment of their similarity. Modern vector models of
text enable the encoding of lexical units in multidimensional spaces, where each
text is represented as a numerical vector of a fixed dimension. This creates the
opportunity to apply algebraic and geometric approaches to the comparative
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analysis of semantic content. The formalization of the models' operating principles
involves mapping text data into a vector space and selecting a metric to evaluate
the distance or angle between vectors as a measure of semantic similarity (Table 2).

Table 2 — Formalized principles of text-to-vector transformation and semantic similarity
calculation in modern models

Model Spatial Text-to-Vector Semantic Similarity Type of
Representation Transformation Calculation Metric Used
. Vector of word . .
TF-IDF Matrix space of frequencies with IDF Dot product or cosine Cos_lne,
frequencies . measure Euclidean
weights
Sum or average of Comparison
Word2Vec | Trained word space £ of averaged Cosine
word vectors .
representations
Averaging vectors of Accounting for
FastText N-gram space g morphological Cosine
characters/morphemes S
similarity
GloVe Global co- Vector from the co- Static model without Cosine,
occurrence space occurrence matrix context Manhattan
Deep transformer Contextualized CLS- Multldlmen51opal Tramgble
BERT comparison via function,
space token vector . . .
attention mechanism Cosine
BERT architecture, Contextual Adaptation to Cosine,
KazBERT trained on the representation at the morphology and softmax-
Kazakh language subword level syntax overlap

Source: Compiled by the author based on (Van Gysel et al., 2018; Giinther et al., 2019; Ren et al.,
2020; Thakur et al., 2021; Khater et al., 2019).

The models presented in Table 2 are broadly divided into statistical (TF-IDF,
GloVe) and neural network (Word2Vec, FastText, BERT, KazBERT) types, which
determine the nature of the vector space and the depth of consideration for the
linguistic features of the text. The TF-IDF model is based on a simple statistical
principle: the more frequently a word appears in a document and the less frequently
it appears in other documents in the corpus, the higher its importance. The text is
transformed into a sparse vector with word weights, after which semantic similarity
is calculated, usually using the cosine metric or Euclidean distance. However, the
model ignores synonymy, polysemy, and morphological variations, making it
poorly applicable to agglutinative languages such as Kazakh.

Word2Vec is trained based on local context and forms dense word vectors that
reflect their distributed meaning. When comparing texts, an average of the word
vectors is used. Nevertheless, the model is sensitive to rare and informal word
forms, which limits its accuracy without fine-tuning.

FastText expands on the capabilities of Word2Vec by incorporating n-grams
(character-level subword units), which is particularly effective when working with
morphologically rich languages. This architecture allows the system to recognize
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semantic similarity even in the presence of new or modified word forms, making
the model especially valuable for search tasks in the Kazakh language.

GloVe builds vector representations based on a matrix of word co-occurrence
in a corpus, which allows it to capture global statistical relationships. However, the
model does not consider the context of a word in a specific sentence, which limits
its application in the semantic matching of complex constructs and hinders accurate
performance with rare forms.

The BERT and KazBERT models are based on the transformer architecture and
perform deep contextual encoding of text. Each word is represented considering
its surrounding context in a sentence, and the final text vector is formed either
from a special CLS-token or by aggregating the hidden states of tokens. KazBERT,
unlike multilingual BERT, is trained on Kazakh language corpora, which allows it
to account for the morphemic structure, syntactic features, and frequency patterns
of the national lexicon.

In practice, this means that intelligent search systems using KazBERT or
FastText can find relevant results even with significant differences between the
query and the document content. For example, suppose a user enters a query with
a rare word form or a synonym. In that case, contextual models can still determine
semantic similarity and provide a relevant answer. In contrast, TF-IDF and GloVe
demonstrate low sensitivity in such conditions and, consequently, less accurate
results.

The formalization of semantic similarity calculations as geometric operations
in vector space (cosine measure, Euclidean distance, probabilistic estimates) not
only allows for machine interpretation of texts but also for building adaptive search
systems on their basis that are robust to lexical transformations and linguistic
diversity. This is particularly important when working with the Kazakh language,
where rich morphology and syntactic variability require a deeper linguistic
interpretation.

With the rapid growth of textual information in low-resource languages, there
is an increasing need to develop intelligent search systems capable of accurately
interpreting query intent and finding relevant documents, considering the
morphological and syntactic features of a specific language. Standard approaches
often overlook the agglutinative nature of the Kazakh language, its complex
affixation, and word form variability, resulting in a significant decrease in search
relevance.

The relevance of constructing a specialized mathematical model is driven by
the need to ensure the system's robustness to grammatical transformations and to
increase the precision of semantic matching amid lexical ambiguity.

The developed model is a hybrid architecture that combines contextual encoding
using the KazBERT model and an adaptive semantic similarity metric, supplemented
by a morpho-syntactic modifier. The fundamental difference of the proposed model
lies in the preliminary morphological analysis of both the query and the documents,
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during which roots, affixes, grammatical features, and syntactic dependencies are
identified. This data is integrated into the model's attention mechanism, enhancing
the contribution of structurally relevant tokens to the final vector representation.

The model is implemented in Python using the HuggingFace Transformers,
Kaznlp, and Scikit-learn libraries. The base model is KazBERT (pre-trained on a
Kazakh-language corpus). Tokenization and morphological analysis are performed
using Kaznlp, after which a CLS vector represents each text.

To assess semantic similarity between queries and documents, the cosine
measure is used, further adjusted by a morpho-syntactic correspondence scale that
considers the coincidence of grammatical features: case, number, voice, possession,
and others (Fig. 1).

KazBERT (pre-trained model in Kazakh)

Tokenization, morphological analysis with the selection of
roots and affixes

Using CLS token to represent query and document

Cosine measure between vectors

Morpho-syntactic coefficient of relevance (author's
development)

Weighted sum of semantic and morpho-grammatical
similarity

Ranked list of documents

Figure 1. Structure and functional components of the mathematical model of an intelligent search
system adapted to the Kazakh language
Source: author's own development.

The model's operation begins with the analysis of the query and documents: a
morphological parsing is performed to extract all grammatical features, which form
the basis for subword tokenization. The resulting representations are processed by
KazBERT, where contextualized CLS vectors are formed. Then, the vectors are
compared using the cosine measure, but the final ranking value is further modified
to account for the structural overlap of morphological and syntactic parameters.

Such integration enables consideration of the variability in meaning expression
characteristic of the Kazakh language, while maintaining semantic relevance
despite significant differences in the form of expression between the query and the
document.

The model validation experiment was conducted on a manually labeled test set
containing 500 "query-relevant document" pairs. The queries were grouped by type:
single-word keywords, short phrases, syntactically complex queries, questions,
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stylistically neutral queries, and synonymous paraphrases. The test document base
(24,000 texts) included news, academic articles, and user information records.
Precision, Recall, and F1 metrics in the top-5 documents were used for evaluation
(Table 3).

The results demonstrate the significant superiority of the developed model
in Kazakh language search tasks. Particularly high accuracy was achieved in
analyzing complex queries with variable word forms and non-standard lexemes,
where classical models show a significant drop in accuracy. The use of the morpho-
syntactic modifier allowed for an average increase in the Fl-score by 11-15%
compared to Multilingual BERT and by 33% compared to TF-IDF.

Table 3 — Comparative evaluation of information retrieval model effectiveness based on metrics
of precision, recall, and robustness to morphological variations

Fl- Robustness to
Model Precision | Recall Morphological Advantages
score .
Variations
TF-IDF 0.58 042 | 048 Low Simplicity, speed
FastText 0.68 | 061 | 0.64 Medium Handles rare words, robust to
affixation
Multilingual . .
0.73 0.68 | 0.70 Medium Contextual encoding, accuracy
BERT
Accounts for grammar, adapted
+
KazBERT . 0.84 0.78 | 0.81 High to the Kazakh language, and
morphoanalysis
accuracy
TF-IDF 0.58 042 | 048 Low Simplicity, speed

Source: author's own development.

A reduction in the number of irrelevant results was also noted, especially in
the presence of synonymic variation in queries. Thus, the constructed model is a
viable solution for creating intelligent search systems in a low-resource language
environment. It provides a stable interpretation of meaning under conditions of
high morphological variability, increases search accuracy and recall, and can be
effectively integrated into electronic libraries, state registries, and educational and
media platforms.

Discussion. Despite significant progress in the development of vector models
for text representation, their application to Kazakh-language data is accompanied
by several unresolved problems that significantly affect the quality of intelligent
search. One of the main difficulties is the recognition of variable word forms,
caused by the agglutinative nature of the Kazakh language.

Unlike languages with an analytical or inflectional structure, in Kazakh, a lexical
unit can take dozens of grammatical forms through the attachment of sequential
affixes, which creates difficulties in training models that cannot automatically
generalize morphologically related forms. This leads to gaps in the semantic space
between words that express the same concept but are presented in different written
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variants (Abu-Salih, 2018; Mrksi¢ et al., 2017). An additional challenge is the
limited representation of rare and regionally specific vocabulary in existing corpora.
Standard models, especially those trained on multilingual or general-purpose
datasets, show low sensitivity to lexemes that are absent from the main corpus. This
applies to both rare words and terms reflecting the cultural and historical realities
of Kazakhstan. Similar challenges are noted in studies on the application of vector
models in conditions of semantic shift or weak contextual representation (Giinther
etal., 2019; Ren et al., 2020). Without a mechanism for extended morpho-semantic
generalization, models lose their ability to correctly interpret the meaning of such
words in context, reducing search relevance.

A critical factor remains the limited volume and diversity of Kazakh-language
training data. Despite some initiatives to create national corpora, their size, genre
diversity, and annotation quality still lag behind their English or Russian counterparts.
Research in information retrieval emphasizes the importance of well-labeled
"query-document" pairs for improving model stability and accuracy (Thakur et al.,
2021; Tareaf et al., 2024). Consequently, when moving from laboratory conditions
to real user scenarios, a drop in the quality of semantic matching is observed.

The development of effective intelligent information search systems for the
Kazakh language requires not only selecting a suitable model architecture but
also considering the language's specific characteristics, user query types, and the
system's functional tasks. Practical recommendations should be based on a balance
between accuracy, computational costs, and robustness to language variations. This
approach is supported by modern trends in integrating hybrid models (Mitra &
Craswell, 2018; Karpukhin et al., 2020).

When dealing with short or keyword queries containing one or two words, it is
advisable to use FastText as the base model, as it demonstrates high robustness to
morphological variability due to its handling of n-grams. In cases where queries
are formulated as complex phrases, questions, or include rare and non-standard
forms, preference should be given to contextual transformer models, particularly
KazBERT, which can capture syntactic dependencies and contextual nuances.

Combining models can significantly enhance the system's overall effectiveness.
In practice, a hybrid approach is advisable: preliminary document filtering is
performed using a faster model (TF-IDF or FastText), after which the final ranking
is conducted based on KazBERT with the inclusion of morpho-syntactic analysis.
This helps to reduce computational resources while maintaining high accuracy in
the relevant sample.

Furthermore, when designing the model, it is essential to provide for separate
processing of negative constructions, homonyms, and synonyms, especially
in legal, educational, and scientific texts. To improve the interpretability of the
results, it is recommended to use not only semantic similarity metrics but also an
additional coefficient of grammatical correspondence, which is particularly relevant
for languages with a flexible word structure. Additionally, implementing user
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customization options (e.g., selecting "strict match" or "semantic approximation"
mode) can enhance end-user satisfaction.

Thus, building an adaptive architecture for intelligent search requires the
integration of several vector models, with the ability to switch between them
depending on the query conditions and usage goals. Special attention is given
to adapting algorithms to the morphological nature of the Kazakh language and
expanding the training data.

Conclusion. As a result of this research, it was established that the use of
context-dependent vector models, particularly KazBERT, significantly improves
the efficiency of intelligent information retrieval in the Kazakh language compared
to classical approaches like TF-IDF and Word?2 Vec.

The developed mathematical model, which combines KazBERT and a morpho-
syntactic modifier, demonstrated the highest precision and recall, especially when
processing variable word forms and synonymous constructions.

Key remaining challenges include the inability of most models to recognize
morphologically related forms, the limitations of training corpora, and poor
coverage of rare and dialectal vocabulary. A practical solution lies in a hybrid
architecture, combining initial document filtering with FastText and final ranking
with KazBERT, along with grammatical correction.

The five advanced hypotheses were empirically confirmed: contextual models
showed an advantage in quality metrics, the cosine measure proved stable in
combination with morphological analysis, and the combined approach provided the
best balance between accuracy and computational efficiency. Prospects for further
research include expanding specialized corpora of the Kazakh language, fine-tuning
transformers, and developing new adaptive metrics for semantic matching.

The results obtained can be used in the creation of intelligent search systems and
language platforms for other agglutinative languages.
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