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ABSTRACT

The growing need for privacy-preserving synthetic tabular data has led to the
development of generative models, particularly generative adversarial networks
(GANSs) such as CTGAN (Conditional GAN) and Enhanced CTGAN. While these
models have demonstrated success in tabular data synthesis, they suffer from mode
collapse, weak rare-category representation, and limited domain adaptability, of-
ten requiring manual tuning for different datasets. Furthermore, GAN-based ap-
proaches lack contextual awareness, making them ineffective at preserving logi-
cal feature relationships and real-world constraints. This paper introduces SYN-
TITAN (Synthetic Tabular Intelligence using Transformers and Adversarial Net-
works), a hybrid LLM-GAN framework that integrates large language models
(LLMs) with adversarial learning to enhance data fidelity, privacy compliance,
and scalability. LLMs assist in feature engineering, data augmentation, and eval-
uation, ensuring that synthetic data maintains semantic integrity. SYN-TITAN
is benchmarked against CTGAN, Enhanced CTGAN, and other state-of-the-art
synthetic data generators using public datasets, demonstrating superior statisti-
cal alignment, rare-category preservation, and domain adaptation. Our findings
indicate that LLM-guided GAN training can significantly improve synthetic tab-
ular data quality, addressing key challenges in privacy-sensitive domains such as
healthcare and finance. This work provides a scalable and interpretable hybrid
approach to synthetic data generation, paving the way for more context-aware,
adaptable, and reliable synthetic data frameworks.

1 INTRODUCTION

The increasing reliance on data-driven decision-making has highlighted the need for high-quality
synthetic data, particularly in privacy-sensitive domains such as healthcare, finance, and cybersecu-
rity. Real-world datasets often contain personally identifiable information (PII), making direct use
of such data legally and ethically challenging due to regulations such as the General Data Protection
Regulation (GDPR) and the Health Insurance Portability and Accountability Act (HIPAA) [Voigt
& von dem Bussche| (2017). As a result, synthetic data generation has emerged as a viable alter-
native that can retain the statistical properties of real data while mitigating privacy risks. Among
various generative models, generative adversarial networks (GANs) have been widely studied for
synthetic tabular data generation, with models such as CTGAN |Xu et al.[ (2019) and its enhanced
versions showing promising results. However, despite their ability to model complex data distribu-
tions, these approaches suffer from several key challenges, including mode collapse, poor handling
of rare-category data, and lack of interpretability.

GAN-based models are mainly based on statistical learning without explicit domain knowledge,
making them vulnerable to generating synthetic records that do not preserve real-world feature re-
lationships or logical constraints Torfi et al.| (2020). For example, in financial datasets, synthetic
records may incorrectly assign high loan amounts to individuals with poor credit scores, leading
to unrealistic distributions. Additionally, GANs struggle with generating data for underrepresented
classes, making them ineffective for applications that require balanced synthetic datasets. Although
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traditional augmentation techniques, such as SMOTE |Chawla et al.[(2002), attempt to address imbal-
anced data issues, they do not offer the flexibility and adaptability of deep learning-based generative
models. The lack of a structured feedback mechanism further limits GAN-based approaches from
dynamically refining synthetic data to align with real-world constraints.

Recent advancements in large language models (LLMs), particularly transformer-based architec-
tures like GPT Brown et al.| (2020) and BERT Devlin et al.| (2019)), have demonstrated strong ca-
pabilities in structured data processing, feature extraction, and reasoning. LLMs can infer complex
relationships between attributes, detect inconsistencies, and generate context-sensitive feature val-
ues, making them valuable for improving synthetic data generation. Despite these advantages, LLMs
have primarily been utilized in natural language processing (NLP) tasks, with limited research ex-
ploring their potential in tabular data synthesis. Some recent studies have applied LLMs to enhance
structured dataPatel et al.|(2023)), but their integration with adversarial learning frameworks remains
a research challenge. Combining the generative power of GANs with the contextual reasoning abil-
ities of LLMs presents an opportunity to significantly improve the quality of synthetic tabular data,
ensuring improved feature coherence, preservation of rare categories and domain-specific adaptabil-

1ty.

This paper introduces SYN-TITAN (Synthetic Tabular Intelligence using Transformers and Ad-
versarial Networks), a novel hybrid framework that integrates LLMs with GAN-based models to
address the limitations of existing synthetic data generators. SYN-TITAN leverages LLMs for pre-
processing, feature enhancement, and post-generation evaluation, providing a structured mechanism
for refining synthetic data iteratively. The proposed framework improves synthetic data fidelity by
introducing LLM-guided adjustments to GAN training, ensuring logical consistency and reducing
the risk of unrealistic record generation. Additionally, it incorporates differential privacy techniques
Dwork|(2006) to enhance privacy compliance while maintaining the utility of synthetic datasets. The
performance of SYN-TITAN is evaluated against existing models, including CTGAN, Enhanced
CTGAN, and other state-of-the-art synthetic data generators, using publicly available benchmark
datasets.

The remainder of this paper is structured as follows. Section 2 provides an overview of related work,
discussing existing GAN-based and LLM-based synthetic data generation techniques. Section 3
presents the SYN-TITAN framework, detailing its architecture and data synthesis pipeline. Section
4 describes the experimental setup, including datasets and evaluation metrics. Section 5 discusses the
results and comparative analysis with prior approaches. Finally, Section 6 concludes the paper with
insights on potential future directions for improving hybrid LLM-GAN synthetic data generation
models.

2 RELATED WORK

The generation of high-quality synthetic tabular data has been extensively studied, with various
approaches ranging from statistical methods to deep learning-based models. Traditional statistical
techniques, such as Bayesian networks and decision trees, have been used to model tabular data
distributions but struggle to capture complex feature relationships in large datasets |[Friedman et al.
(2001). More recently, generative adversarial networks (GANs) have emerged as a powerful tool
for synthetic data generation, enabling realistic data synthesis by learning from real-world distri-
butions. However, these approaches suffer from inherent challenges such as mode collapse, poor
interpretability, and difficulty in modeling heterogeneous tabular data. Additionally, large language
models (LLMs) have demonstrated strong reasoning and contextual learning abilities in structured
data processing, but their application in tabular data generation remains underexplored. This section
reviews existing work in GAN-based and LLM-based synthetic data generation while highlighting
research gaps that motivate the development of a hybrid LLM-GAN framework.

GANSs have been widely adopted for tabular data generation, with conditional GANs (CGANs)
proving particularly effective in handling categorical and continuous variables. Xu et al. introduced
CTGAN, a conditional GAN framework designed specifically for tabular data generation, which
employs mode-specific normalization and a conditional generator to improve the representation of
categorical variables [Xu et al.| (2019). Despite its success, CTGAN exhibits significant limitations,
including its inability to dynamically enforce domain constraints and its struggle with generating
data for minority classes. To address these limitations, several extensions have been proposed, such
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as Enhanced CTGAN, which refines the training process to improve the representation of rare cate-
gories and better capture feature dependencies Nistal et al.|(2022). Other GAN-based models, such
as TableGAN |Park et al.| (2018)), have attempted to improve tabular data synthesis by incorporat-
ing auxiliary classifiers to enhance feature coherence. However, these approaches remain purely
statistical and lack contextual awareness, leading to inconsistencies in generated data.

In addition to GANs, autoencoders and variational autoencoders (VAEs) have been explored for
synthetic tabular data generation. For example, MedGAN |Choi et al.|(2017) utilizes an autoencoder-
based architecture to generate realistic medical data while preserving patient privacy. While VAEs
are effective in learning latent representations, they often fail to produce diverse and high-fidelity
samples compared to GANs. Moreover, VAEs struggle with categorical feature generation, a key
requirement for many real-world applications. Recent work has attempted to enhance VAEs by
introducing adversarial training elements, such as in the case of Adversarially Regularized Autoen-
coders (ARAE) [Zhao et al.| (2018). However, these methods still rely on statistical approximations
and do not incorporate domain-specific insights.

More recently, LLMs have gained traction for structured data generation and augmentation, demon-
strating remarkable reasoning and generalization abilities. Large-scale transformer-based models
like GPT-3 and GPT-4 have been used for natural language processing (NLP) tasks but have also
shown potential for structured data applications, including feature augmentation and tabular data
synthesis |Brown et al.[(2020). Studies have investigated the use of LLMs for improving structured
learning tasks, where models like TS5 and GPT are fine-tuned to generate tabular data Raffel et al.
(2020). However, these models primarily operate in an autoregressive manner, which is suboptimal
for tabular data generation, as it lacks direct control over statistical distributions and inter-feature
relationships.

Recent studies have explored hybrid models combining generative adversarial networks with auxil-
iary learning mechanisms to improve tabular data fidelity. Park et al. proposed PATEGAN, a GAN
model designed for privacy-preserving synthetic data generation by integrating differential privacy
techniques Park et al.| (2021). While this approach enhances privacy compliance, it degrades data
utility, making it less effective for real-world applications. Similarly, the work of Torfi et al. intro-
duced GAN-based data rectification techniques, but their approach remains largely limited to struc-
tured anomaly detection rather than full-fledged tabular data generation [Torfi et al.| (2020). Despite
these advancements, none of these approaches integrate LLMs to improve feature understanding,
augmentation, and post-generation evaluation, representing a key research gap that motivates the
development of SYN-TITAN.

To the best of our knowledge, no existing work effectively combines LLMs with GANSs to jointly
optimize synthetic data fidelity, privacy preservation, and domain adaptability. SYN-TITAN intro-
duces a hybrid LLM-GAN approach that leverages the contextual reasoning abilities of LLMs to re-
fine GAN-generated data, ensuring better logical consistency and domain alignment. The proposed
framework builds on prior advancements in adversarial learning while introducing LLM-guided fea-
ture augmentation and iterative validation, addressing long-standing challenges in tabular synthetic
data generation.

3 PROPOSED METHODOLOGY

The proposed SYN-TITAN framework methodology aims to enhance data fidelity, rare-category
representation, domain adaptability, and privacy preservation, addressing key limitations observed
in prior work.

3.1 SYN-TITAN FRAMEWORK OVERVIEW

1. Data ingestion and feature understanding (LLM preprocessing)
* The LLM analyzes the raw dataset, identifying feature relationships, constraints, and
imbalances.
* It generates augmented feature representations, such as synthetic categorical mappings
and numerical interpolations, improving data diversity.
e The LLM ensures that features align with domain-specific rules, such as ensuring in
financial datasets that income is correlated with credit scores.
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Table 1: Comparison of SYN-TITAN with Prior Work (Section 3.2)

Enhanced LLM-
Feature CTGAN Xu CTGAN Augmented SYN-TITAN
et al. (2019) Nistal et al. Patel et al. (Proposed)
2022) 2023)
Feature engineering Manual Partially LLM-based LLM-gmd@d with
automated constraints
Domain awareness None Limited Partial Context-driven rules
Inter-feature LLM-guided
relationship handling Poor Improved Not evaluated adjustments
Privacy protection No No Some Differential masking
(planned)
Synthetlg data None Limited LLM checks LLM-GAN feedback
validation loop

2. Synthetic data generation (GAN training)

* A modified CTGAN-like GAN model is trained on the preprocessed dataset, with
additional constraints from the LLM.

* This phase optimizes synthetic data fidelity, ensuring that minority class representa-
tion is actively enforced by the generator.

* The adversarial model adjusts dynamically based on LLM feedback, reducing the risk
of mode collapse.

3. LLM-guided refinement and evaluation

* Once the synthetic data is generated, the LLM performs a feature-wise validation
against the original dataset.

 Discrepancies and inconsistencies are flagged, and the GAN model iteratively updates
based on the LLM’s evaluation.

* A privacy-aware differential masking mechanism ensures that no real-world identifiers
leak into synthetic outputs.

The combined LLM-GAN approach allows for both syntactic and statistical improvements in syn-
thetic data, ensuring that feature relationships are preserved while maintaining dataset utility and
privacy compliance.

3.2 SYN-TITAN vs. PRIOR WORK

Unlike prior models, SYN-TITAN integrates large language models (LLMs) into both pre-
processing and post-generation stages of synthetic data generation. This integration enables contex-
tual understanding of feature relationships during data preparation and ensures logical consistency
through LLM-guided validation after generation. As summarized in Table [I] SYN-TITAN offers
improvements in feature engineering automation, domain awareness, inter-feature relationship han-
dling, and synthetic data validation compared to CTGAN, Enhanced CTGAN, and LLM-Augmented
approaches. These enhancements collectively result in better rare-category synthesis, realistic logi-
cal constraints enforcement, and increased adaptability across diverse tabular datasets.

4 IMPLEMENTATION OF APPROACH

This section details the end-to-end implementation pipeline of the SYN-TITAN framework, includ-
ing dataset preparation, baseline CTGAN training, LLM-guided feature conditioning, logical con-
straints enforcement, and evaluation setup.
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We used the UCI Adult Census Income dataset, a widely adopted benchmark for synthetic tabular
data generation, containing demographic and employment-related attributes.

4.1 BASELINE CTGAN IMPLEMENTATION

The baseline model replicates CTGAN [Xu et al.| (2019) to serve as a direct comparison point for
SYN-TITAN:

1. Data Preprocessing: All categorical columns were encoded appropriately, and numerical
features were standardized.

2. Model Training: CTGAN was trained with epochs=300, chosen empirically for con-
vergence stability and consistent with prior literature benchmarks.

3. Synthetic Data Generation: The trained model generated synthetic datasets with the same
number of rows as the original dataset for direct distributional comparison.

4.2 PROMPT DESIGN FOR LLM INTEGRATION

To integrate LLM-driven insights into SYN-TITAN pipeline stages, we designed a structured prompt
as follows:

1. The prompt was crafted to identify:

 Top important features that most influence data realism and relationships.

* Realistic logical constraints or domain rules to maintain data consistency.

» Feature augmentation suggestions to enhance data diversity or GAN training stability.
* Strategies for handling rare categories to ensure comprehensive representation.

2. The output format was enforced as structured JSON to enable direct parsing and pipeline
integration without manual intervention.

3. The prompt emphasized realism by instructing the LLM to analyze schema-level feature
types, consider downstream ML relevance, and propose domain-driven rules rather than
generic statistical constraints.

This prompt output was utilized in both SYN-TITAN_VO for feature conditioning and in SYN-
TITAN for logical constraints enforcement, serving as a foundational input to the hybrid approach.

4.3 LLM-DRIVEN FEATURE CONDITIONING ON CTGAN (SYN-TITAN_VO0)
Using the important features identified by the LLM:

1. These were passed as conditioning columns in CTGAN training.

2. This ensured that synthetic data generation was guided by data-driven and domain-
consistent feature priorities, improving semantic realism and targeted distribution align-
ment.

This version is referred to as SYN-TITAN_VO0 in our evaluations.

4.4 LOGICAL CONSTRAINTS ENFORCEMENT ON SYN-TITAN_VO (SYN-TITAN)

Building upon SYN-TITAN_VO outputs, logical rules generated by LLM were parsed and enforced
via post-processing filters to:

1. Remove rows violating domain constraints (e.g. age ranges, conditional education-age
relationships).

2. Ensure final dataset adheres to real-world consistency requirements, addressing the core
limitation of purely statistical generative approaches.

This enhanced version is referred to as SYN-TITAN in our evaluations.
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4.5 EVALUATION METRICS
To comprehensively assess synthetic data quality and realism, we used:

1. Statistical Distributional Similarity - Kolmogorov-Smirnov (KS) Test: Measures close-
ness of numerical feature distributions between real and synthetic datasets. Lower is better.

2. Categorical Distributional Similarity - Jensen-Shannon (JS) Divergence: Quantifies
divergence between real and synthetic categorical distributions. Lower is better.

3. Logical Constraint Violation Rate: Proportion of synthetic records violating LLM-
identified domain rules. Lower indicates better logical realism.

4. Correlation Structure Preservation (Correlation MAE): Mean absolute error between
real and synthetic feature correlation matrices. Lower indicates stronger preservation of
inter-feature dependencies.

5. Privacy Risk Metrics: Minimum and mean distance to nearest real record, assessing mem-
orization or overfitting risks to individual training records.

6. Rare Category Coverage: Proportion of rare categories (frequency < 5%) in real data
represented at least once in synthetic data.

These metrics jointly evaluate distributional fidelity, semantic realism, privacy compliance, and fea-
ture diversity, aligning with SYN-TITAN’s core objectives.

This comprehensive pipeline implements the baseline CTGAN Xu et al.[(2019), LLM-guided CT-
GAN conditioning (SYN-TITAN_VO0), and logical constraints enforced SYN-TITAN framework,
enabling robust comparison across methodological stages.

5 RESULTS AND COMPARISON WITH PRIOR WORK

This section presents the experimental results of SYN-TITAN and compares its performance with
the baseline CTGAN and relevant prior work, highlighting improvements in distributional fidelity,
logical realism, and privacy preservation.

5.1 EVALUATION SETUP

Experiments were conducted on the UCI Adult Census Income dataset. Three models were eval-
uated:

1. CTGAN Baseline: Standard CTGAN without LLM integration.

2. SYN-TITAN_V0: CTGAN with LLM-guided feature conditioning.

3. SYN-TITAN: SYN-TITAN_VO with additional logical constraints enforcement.

Evaluation metrics were computed for each model, including KS Test, JS Divergence, Logical Vi-
olation Rate, Correlation MAE, Privacy Risk, and Rare Category Coverage as described in Section
4.

5.2 EXPERIMENTAL RESULTS

1. Distributional Similarity (KS Test and JS Divergence) - The KS Test and JS Divergence
results indicated that:

* SYN-TITAN achieved comparable or slightly higher divergence than CTGAN in some
features, due to enforced logical constraints modifying pure distributional matching.

* However, these differences were minor, and SYN-TITAN preserved overall distribu-
tional fidelity while enhancing realism.

2. Logical Constraint Violation Rate:
* CTGAN Baseline: 5.12%
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Table 2: Performance Comparison with Prior Work (Section 5.3)

Enhanced LLM-
Feature CTGAN Xu CTGAN Augmented SYN-TITAN
et al.| (2019) Nistal et al. Patel et al. (Proposed)
2022) (2023)
Loglcallzggolatlon 5.12% Not Reported ~ Not Reported 0.00 %
. 0.028
Correlation MAE 0.0314 Not Reported 0.0283
(reported)
Raée Category 1.0000 Not Reported  Not Reported 1.0000
overage
. Lower
KS /JS Divergence Low / Low (enhanced) Not Reported Comparable
Prlvacylglilsstl; (Mean 0.1676 Not Reported ~ Not Reported 0.1768

* SYN-TITAN_VO: 6.64%
* SYN-TITAN: 0.00%

SYN-TITAN successfully eliminated logical inconsistencies, demonstrating its superior

realism and domain compliance compared to prior models.

3. Correlation Structure Preservation (Correlation MAE):

¢ CTGAN Baseline: 0.0314

* SYN-TITAN_VO: 0.0378
* SYN-TITAN: 0.0283

SYN-TITAN preserved inter-feature correlations better than CTGAN, ensuring synthetic

data retains realistic multivariate relationships.

4. Privacy Risk: Minimum and mean distance to nearest real records were comparable across

models, indicating similar privacy leakage risk.

* CTGAN: (0.00013, 0.1676)

* SYN-TITAN_VO: (0.00014, 0.1952)
* SYN-TITAN: (0.00014, 0.1768)

5. Rare Category Coverage: All models achieved full coverage (1.0000), demonstrating

adequate representation of rare categories in synthetic outputs.

5.3 COMPARISON WITH PRIOR WORK

Table [2]

Overall, SYN-TITAN achieves a strong balance of distributional fidelity, logical consistency,
feature correlation preservation, and privacy compliance, demonstrating its promise as a robust

hybrid synthetic data generation framework.

summarizes SYN-TITAN’s improvements over prior models. While Enhanced CTGAN
Nistal et al.| (2022) reports improved KS and Correlation MAE compared to standard CTGAN in
its publication results, it does not integrate domain logic enforcement or LLM-driven conditioning,
which SYN-TITAN introduces. Similarly, LLM-Augmented [Patel et al.[(2023) focused on feature
augmentation for structured learning rather than direct tabular data synthesis.
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6 CONCLUSION

This paper introduced SYN-TITAN, a novel hybrid framework integrating large language models
(LLMs) with generative adversarial networks (GANs) for high-fidelity, privacy-preserving synthetic
tabular data generation. Our approach leverages LLMs for dynamic feature importance identifi-
cation, realistic logical constraints extraction, and data conditioning, addressing key limitations of
prior GAN-based models such as lack of domain awareness, mode collapse, and logical inconsis-
tencies.

Extensive experiments conducted on the UCI Adult dataset demonstrated that SYN-TITAN
achieves:

1. Comparable or superior distributional fidelity measured via KS Test and JS Divergence.

2. Complete elimination of logical constraint violations, ensuring realistic and context-aware
synthetic data.

3. Improved feature correlation preservation compared to baseline CTGAN.

4. Maintained privacy preservation levels similar to existing approaches while enhancing se-
mantic integrity.

These results highlight the potential of integrating LLM-driven contextual reasoning with adversarial
learning to generate synthetic tabular data that is not only statistically aligned but also semantically
valid and domain-compliant.

7 FUTURE WORK

Several avenues remain for enhancing SYN-TITAN:

1. Scalability and Computational Optimization: Integrating more efficient LLM architec-
tures and GAN training optimization to scale for high-dimensional enterprise datasets.

2. Automated Prompt Engineering: Developing adaptive prompt templates that dynami-
cally tailor LLM queries to diverse datasets for improved generalization.

3. Multi-domain Testing: Extending evaluation to healthcare, finance, and cybersecurity
datasets to benchmark domain-specific performance.

4. Differential Privacy Integration: Incorporating formal differential privacy mechanisms
within GAN training to enhance privacy guarantees while preserving data utility.

Overall, this research demonstrates that LM-guided GAN frameworks like SYN-TITAN can
redefine synthetic data generation, ensuring realistic, private, and adaptable datasets for robust
downstream machine learning applications.
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