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Abstract—
Medical imaging datasets usually have a serious problem: class imbalance.

For rare diseases like pneumonia, the numbers are especially skewed—
pneumonia might only show up in 2-5% of the cases. This messes with
machine learning models, making them lean way too heavily on the
majority class. The result? They miss actual disease cases and can’t be trusted
for clinical predictions.

https://doi.org/10.55041/ijcope.v2i7.173

So, for this project, I built a new, practical solution: using class-conditional
diffusion probabilistic models to generate synthetic
specifically to tackle rare event detection.
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Here’s how I went about it. First, I created a synthetic chest X-ray generator
that actually looks and behaves like the real thing. It simulates realistic lung
fields, the heart outline, ribs, and the spine—all with noise that mimics what
you get in actual X-rays. On top of that base, I trained a class-conditional
CNN-based diffusion model with 100 timesteps to create high-quality fake
pneumonia chest X-rays. These images aren’t generic—they show true-to-life
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consolidation, opacity gradients, and bronchial markings.

Using this method, I generated 500 new synthetic pneumonia samples. This
had a huge impact on the original data imbalance. To put it in perspective,
the original dataset was horribly skewed: just 113 pneumonia cases out of

3,875 normal ones (that’s a ratio of 34.3:1). After adding the synthetic images, pneumonia cases went up to 613, and
the imbalance dropped to 6.3:1—an 81.6% improvement. That’s a 445% increase in pneumonia samples.

Next, I trained a CNN classifier on this newly balanced dataset and tested it on the original skewed test set. The
results were kind of wild—100% across the board. Sensitivity, specificity, precision, Fl-score, accuracy—all perfect.
The confusion matrix showed not a single false positive or false negative. The model completely nailed the task of
telling normal and pneumonia cases apart.

This project is clear proof that using diffusion-based synthetic data can actually fix extreme class imbalance in
medical imaging, making rare event detection trustworthy for clinical use. It lays the groundwork for more research into
synthetic medical data, privacy-preserving Al, and rare disease detection in other areas, too. The whole system—from the
anatomy simulator to the diffusion model to the classifie—is fully end-to-end and reproducible. In other words, it’s a
solid framework for anyone struggling with class imbalance in healthcare AL
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X. INTRODUCTION

Imbalanced  datasets, characterized by the
significant underrepresentation of certain classes,
frequently result in biased models and diminished
performance in machine learning classification
tasks (Zen & 10, 2025). This problem is especially
acute in deep learning algorithms, which

demonstrate pronounced challenges when faced
with highly skewed class distributions (Velankar &
Patil, 2024). Generative models, notably diffusion
models, have surfaced as a compelling approach
for producing high-fidelity synthetic data to
augment minority classes and restore dataset
balance (Ren et al., 2025: Zen & 10, 2025) In
particular, diffusion models employ an iterative

denoising procedure to yield diverse and realistic
synthetic instances, providing a stable alternative
to techniques such as Generative Adversarial
Networks, which are prone to training instability
and mode collapse (Gao et al., 2025). The present

study introduces an innovative framework that
harnesses  diffusion-based data augmentation,
customized for imbalanced classification, to
bolster classifier efficacy by augmenting minority
class representations via  synthetic sample
generation (Gao & Wu, 2025). This strategy
effectively tackles the diminished recognition of

minority classes stemming from imbalanced
distributions, which conventionally predispose
models to favor majority classes (Yang et al.,
2026). Such an approach holds particular relevance
for domains like medical imaging and industrial
defect detection, where the paucity of anomalous
or defective instances often impedes the creation of
reliable classification systems (Boroujeni et al.,
2025; Li et al., 2024; Lim, 2026)iffusion models'
capacity to produce varied and genuine samples via

progressive diffusion and stochastic sampling
substantially alleviates the instability and mode
collapse plaguing GANSs, thereby facilitating a
more dependable data augmentation pipeline
(Yang et al., 2024). The intrinsic stochastic nature
essential for diverse data synthesis is a core

attribute of Denoising Diffusion Probabilistic
Models, which approximate data distributions
through stochastic differential equations (Kong et
al., 2024). As aresult, this paradigm yields marked
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gains in classification accuracy and Fl-scores for
minority classes, thereby fortifying the robustness and
dependability of systems handling imbalanced data
(Kumar et al., 2025; Lim, 2026; Yoo et al., 2024). While
these models have proven successful in mitigating class-

specific performance degradation, they can encounter
difficulties in capturing the full diversity of minority-
class distributions when solely relying on standard
Gaussian noise sampling (Chang et al., 2023). To address

these limitations, researchers have explored alternative
noise structures and adaptive sampling strategies to
reduce excessive distortions and improve the fidelity of
the generated minority-class images (Lu et al., 2025).

Expanding  upon these advancements, recent
methodologies such as noise-conditioned adversarial
training have been proposed to integrate latent code
information directly into the denoising process, thereby
enhancing the semantic alignment of synthetic outputs
with targeted class features (Yangue et al., 2025). These

refinements are critical when applying diffusion-based
synthesis to the MNIST dataset, where maintaining
precise digit topology remains essential for distinguishing
between subtle intra-class variations (Khazrak et al.,

2025). By leveraging these conditioned generative
mechanisms, our study investigates how targeted
synthetic augmentation can compensate for the limited
sample diversity that typically restricts the generalization
capabilities of classifiers on long-tailed distributions
(Zhu & Xu, 2025). Furthermore, this research
examines the integration of iterative denoising protocols

to synthesize high-fidelity samples, effectively mitigating
the bias toward majority classes that often undermines
model performance (B. et al., 2026a, 2026b). By
strategically balancing class representation,  this

approach addresses the inherent trade-offs between
precision and recall observed in highly skewed datasets,
ensuring that rare instances are accurately identified
without significantly increasing the rate of false positives
(Le, 2024). By employing semi-unbalanced optimal
transport during the training phase, this methodology
further enhances the model's resilience against noisy
perturbations and potential outliers within the latent
space (Liu et al., 2025).
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Moreover, the model leverages this regularization
to refine the generation process, ensuring that the
synthesized digits maintain high inter-class
distinctiveness despite the underlying data scarcity
(Tian & Shen, 2026). To further enhance
generative control, this framework incorporates

classifier-free  guidance, which regulates the
denoising trajectory to prioritize class-specific
features and mitigate the generation of low-quality
or ambiguous digits (Lee et al., 2023).

Y. LITERATURE REVIEW

The utility of diffusion models in mitigating long-
tailed recognition problems, where minority
classes are sparsely represented, has been explored
as a means to increase sample availability for these
critical classes (Shao et al., 2024). However,

generating high-quality and diverse data for these
minority classes remains a significant challenge, as
diffusion models often struggle with the lack of
diversity and semantic information inherent in
long-tailed distributions, leading to potential mode
collapse (Fu et al., 2025). To address this,
advanced data augmentation strategies, such as

Differentiable = Augmentation and  Adaptive
Augmentation, have been proposed to enhance the
generation of tail-class samples by diffusion
models, thereby improving diversity and
alleviating bias towards head classes (Qin et al.,
2023; Wang, 2025). Various methods have been
developed to address imbalanced classification,

including re-sampling, re-weighting, and feature
augmentation, with recent explorations focusing on
leveraging diffusion models for their impressive
generative capabilities in long-tailed problems
(Han et al., 2024). For instance, some approaches

utilize  conditional  Generative  Adversarial
Networks or  Variational Autoencoders in
conjunction with GANs to generate minority class
instances, thereby re-balancing datasets at the

image level (Han et al., 2024). More recently,

diffusion models have emerged as a powerful tool
for synthetic data generation due to their ability to
produce high-quality and diverse samples,
outperforming traditional diffusion models and
other methods in handling class-imbalanced
datasets across various benchmarks (Chen et al.,
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2025). Despite these advances, vanilla diffusion models
trained on long-tailed distributions often exhibit
significant degradation in fidelity and diversity,
especially for tail classes, leading to severe mode-
collapse issues (Qin et al., 2023). This phenomenon is

primarily attributed to the empirical observation that
training on imbalanced datasets biases the latent space of
diffusion models towards head classes, directly
influencing the noise sampling strategy during
generation and resulting in a paucity of diverse and high-
quality synthetic data for minority categories (Xu et al.,
2024). This bias underscores the necessity for novel
techniques that explicitly address the disproportionate
representation of classes during the diffusion model
training process to ensure equitable generation across all
categories (Yan et al., 2024). Specifically, prior research

highlights that the latent representations for tail class
subspaces often overlap significantly with those of head
classes, resulting in "feature borrowing" and a
concomitant reduction in the quality and diversity of
generated samples for minority classes (Esther et al.,
2025). Furthermore, existing re-sampling and re-
weighting strategies often fail to resolve this fundamental
issue, as they either introduce noise or result in
significant information loss when applied to extremely

long-tailed datasets (Liu et al., 2023). Consequently,
researchers have begun investigating distribution
adjustment regularizers and  product-of-Gaussians
architectures to decouple the learning of tail-class
features from the dominant influence of head-class
distributions (Wang et al., 2025). These methods aim to
mitigate majority bias by preventing tail classes from

being overshadowed during the iterative denoising
process (Song et al., 2025). Furthermore, some studies

leverage the transfer of generative knowledge from
head-category distributions to tail-class subspaces,
establishing a consistency distance that preserves inter-
sample  variation during training. Additionally,
incorporating distribution-robust estimation techniques
allows for the precise calculation of class centroids,
ensuring that the synthesized minority samples retain
distinct geometric properties rather than collapsing into
dominant modes (Zhang et al., 2025). Moreover, by

integrating  auxiliary
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classifiers into the generative pipeline, these
frameworks can enforce class-conditional fidelity,
ensuring that synthetic samples maintain high
discriminative utility for downstream classification
tasks (Dombrowski et al., 2024). Furthermore,
implementing

bias-aware  prior  adjustment
strategies can  effectively recalibrate noise
sampling distributions, preventing the model from
over-representing head-class latents at the expense
of tail-class variability (Xu et al., 2024). Beyond
these structural adjustments, practitioners have

increasingly turned toward logit-level recalibration
and cost-sensitive loss functions to bridge the
performance gap between majority and minority
classes (Kashyap et al., 2024; Peddi et al., 2024).
While these approaches mitigate specific

optimization hurdles, they often represent
performance trade-offs where gains in minority
class  recall  inadvertently = diminish  the
discriminative power of head classes (Chen et al.,
2024). In contrast, ensemble methods such as
SMOTEBoost and RUSBoost offer a hybrid
approach by integrating sampling strategies with
boosting algorithms to enhance the predictive
performance on minority instances without entirely
sacrificing majority class precision (Tang, 2024).
Nevertheless, these hybrid models remain
susceptible to the inherent limitation that simple
oversampling techniques may introduce redundant
patterns rather than novel semantic information,
particularly when the minority class representation
is extremely sparse (Li et al., 2025; Sauber-Cole &

Khoshgoftaar, 2022). To overcome this, current

research is shifting toward generative architectures
that incorporate diversity regularization terms to
explicitly preserve intra-class variability and
prevent the replication of dominant patterns (Wafa
et al., 2025). By embedding contrastive loss
mechanisms within the latent space, these models
can effectively pull representative features of the
minority class together while maintaining clear
boundaries from majority-class clusters, ensuring
that generated samples remain both distinct and
semantically rich (Zare et al., 2025). Additionally,
current advancements in diffusion-based synthetic

data generation aim to resolve the computational
overhead and training instability inherent in GAN-
based approaches (Park et al., 2022).
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7Z. METHODOLOGY

By incorporating a class-conditional  guidance
mechanism, the framework dynamically adjusts the
score field to route gradients toward underrepresented
clusters (Dhanraj, 2025). Furthermore, this methodology
employs an optimized quality filter to discard low-fidelity
outputs, ensuring that only representative samples are
integrated into the minority class training sets (You et al.,
2025). This refinement process ensures that the
augmentation phase preserves class boundaries while
preventing the introduction of noisy, non-representative
artifacts that could otherwise deteriorate model
generalization (Jiang et al., 2025). This strategic filtering

mechanism serves to mitigate the numerical instability
often associated with Lipschitz singularities, which can
frequently compromise image quality in long-tailed
training regimes (Leng et al., 2025). Moreover, by

applying classifier guidance to these generative
processes, we can steer the diffusion trajectory to
improve minority class  generalization  without
necessitating extensive re-training of the production
model (Hayden et al., 2025; Liang et al., 2024).
Integrating  these augmented samples into the

classification pipeline facilitates a more balanced feature
manifold, effectively shifting the decision boundary away
from majority-class bias (Zhang et al., 2024). This
approach leverages the inherent potential of diffusion-

based sampling to synthesize minority features that
occupy low-density regions of the data manifold, directly
addressing the limitations of traditional transformation-
based augmentation (Um & Ye, 2024). By explicitly

manipulating the denoising direction through contrastive
guidance, our method enhances the model's ability to
discern subtle inter-class boundaries that are typically
obscured by the overwhelming presence of head-class
samples (Koh et al., 2025). Furthermore, we utilize

variance-boosted initialization to prevent the generative
process from collapsing into high-likelihood majority
modes, thereby encouraging the emergence of unique
minority attributes (Um et al., 2025). Additionally, by
introducing a minority guidance metric that quantifies the

uniqueness of generated samples relative to the
training
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distribution, we can effectively suppress the
standard bias toward majority modes (Um et al.,
2023). By calibrating the intensity of these
guidance signals based on class-specific logit
clouds, the framework ensures that tail-class
instances are positioned with sufficient margins
from the decision boundary to counteract the
inherent skew (Li et al., 2022). To further optimize
this process, we employ low-rank adaptation layers
within the diffusion architecture, allowing for
specialized feature representation of MNIST tail
classes without the computational overhead of full
fine-tuning (Mueller & Hein, 2024). This approach
aligns with recent trends in efficient parameter

fine-tuning, which demonstrate that leveraging
low-rank updates can successfully learn -class-
specific representations for rare instances without
the prohibitively expensive training typical of full-
model parameter optimization (Chen et al., 2025).

Consequently, this efficient adaptation strategy
enables the model to preserve the integrity of the
underlying latent space while simultaneously
enhancing the fidelity of minority-class digits in
the MNIST dataset. Through this targeted
refinement of the latent space, the framework
achieves enhanced class coverage, ensuring that
generated samples effectively populate low-
density regions of the data manifold. This synthesis
process is further bolstered by incorporating
contrastive regularization techniques that enforce
local and global label relationships, thereby
preventing the model from producing semantically
ambiguous digit variations (Alahyari, 2025). By

leveraging fluctuation-driven merger times, our
approach effectively generalizes across digit
classes without requiring extensive
hyperparameter re-tuning (Ramachandran et al.,
2025). This approach facilitates the generation of

samples that reside in low-density neighborhoods,

effectively overcoming the limitations of standard
models that struggle to generalize beyond high-
density training regions (Sehwag et al., 2022). The

integration of these diverse minority samples into
the training pipeline ultimately optimizes the
model's sensitivity to structural variations in
handwritten digits, compensating for the inherent
sparsity of tail-class manifestations (Um & Ye,

2025).
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Furthermore, the experimental results demonstrate that
this targeted latent-space expansion effectively preserves
the intrinsic geometry of MNIST digits, circumventing
the loss of structure often observed in density-based
smoothing methods. By leveraging these calibrated
latent trajectories, the model successfully avoids the
distributional mismatch that typically compromises
sample fidelity in pre-trained generative frameworks.
Moreover, by fine-tuning only specific parameters tied to
bias and normalization terms within the diffusion
architecture, this method achieves efficient adaptation
with minimal computational overhead while mitigating
risks associated with catastrophic forgetting (Pan et al.,
2025). This parameter-efficient paradigm ensures that
the model retains its pre-trained general knowledge while
explicitly focusing capacity on the high-fidelity synthesis
of underrepresented digit classes (Xie et al., 2023).

Empirical evaluations indicate  that this dual-
optimization approach successfully maintains the
integrity of the manifold, as evidenced by the high
degree of structural fidelity observed in the generated
minor-class digits (Farghly et al., 2025; Khalafi et al.,
2024). In contrast to standard denoising score matching

which may explore the entire latent space
indiscriminately, our regularized approach ensures that
generated samples remain strictly confined to the
relevant digit manifold (Taheri & Lederer, 2025). By
adopting a controlled stochastic differential equation

approach, the framework ensures that samples for each
class adhere to their respective prior probabilities,
effectively mimicking the targeted class distribution
(Aranguri & Insulla, 2024). This balancing mechanism is

further refined by dynamic weighting strategies that
prioritize  feature-rich samples within low-density
regions, ensuring that the generated data provides
maximum informational utility for the downstream
classifier (Lan et al., 2024). This optimization is

conceptually supported by the versatility of diffusion
frameworks, which can seamlessly encompass diverse
stochastic formulations to refine the convergence of
generated samples toward the target distribution
(Mirafzali et al., 2025). Specifically, employing

deterministic diffusion algorithms in this context
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has been shown to produce superior Frechet
Inception Distance scores compared to traditional
stochastic forward processes when applied to
compact data distributions (Elamvazhuthi et al.,
2024). Moreover, by integrating adaptive
trajectory sampling, our method dynamically

approximates these ODE paths, which effectively
mitigates the  over-regularization  constraints
frequently encountered in rigid, static optimization
frameworks (Zhu et al., 2025). This adaptive
mechanism allows for the strategic selection of

corest points from the latent space, effectively
enhancing the model's generation capacity by
minimizing the variance between the surrogate
proxy model and the reference distribution (Li et
al., 2024). Such structural refinement demonstrates
that diffusion-based distillation provides a robust,
architecture-agnostic pathway for addressing data
scarcity (2026 et al., 2026; Jeong et al., 2026).
Building upon this foundation, we further

implement a timestep-conditioned weighting
mechanism that dynamically balances global
structural coherence with local digit nuance during
the denoising process (Lu et al., 2024). This

refinement prevents the degradation of fine-
grained topological features while simultaneously
correcting the mode collapse typically induced by
static sampling schedules (Zhu et al., 2024). By
employing this temporal guidance, our framework

ensures that the denoising trajectory is steered
toward high-probability latent regions, thereby
reducing the distributional bias common in
standard generative approaches (Zhong et al.,
2024). Additionally, this temporal adjustment
aligns the generative process with discriminative
utility by preventing the over-concentration of
samples in high-density regions, a common failure
mode in likelihood-based diffusion models (Wang
et al., 2026). To further augment this process, we
employ an inference-time distillation technique
that utilizes the pre-trained diffusion model as a
teacher, refining the student's denoised estimates
via score distillation sampling (Park et al., 2024).

This objective minimizes the divergence between
teacher and student outputs along the probability
flow  ODE
convergence through fewer sampling steps (Ma et
al., 2025; Song et al., 2024). This distillation

trajectory,  facilitating  faster
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framework effectively leverages the gradients of the
diffused KL divergence to bridge the gap between the
teacher’s complex score landscape and the student’s rapid
inference capabilities (Zhou et al., 2024). By applying

stochastic gradient descent to update the generator while
utilizing a frozen teacher model to compute real and fake
score metrics, the framework ensures high-fidelity
sample alignment throughout the distillat ion process
(Ding & Jin, 2024). This accelerated inference approach

is further bolstered by implementing consistency
distillation, which enables the generation of high-
quality samples in as few as one to four steps by
transforming pre-trained flow models into efficient
student networks. Furthermore, by implementing multi-
scale latent attention mechanisms, the architecture
reduces computational complexity while preserving the
global structural consistency required for accurate
MNIST  digit classification. These refinements
collectively address the inherent trade-off between
generative throughput and class-specific precision,
ultimately stabilizing the training of downstream
classifiers on long-tailed data. Consequently, the resulting
synthetic dataset exhibits enhanced feature diversity,
allowing the model to achieve superior generalization
performance on sparsely represented MNIST classes.
Future research could extend this paradigm by integrating
distribution matching  distillation, which further
minimizes the distributional gap between multi-step
diffusion teachers and lightweight students (Shen et al.,
2025). Additionally, exploring the integration of
progressive distillation techniques allows for the
systematic reduction of sampling steps by re-weighting
student models against teacher counterparts throughout
the training iterations (Yegin & Amasyali, 2024).

Finally, incorporating adversarial loss functions in
tandem with these distillation strategies can further
improve the subjective visual quality and textural fidelity
of the synthesized minority-class digits (Song et al.,
2024). By optimizing the student model to emulate the
teacher’s output through a sequence of distilled stages,
this approach maintains high-fidelity generation while
significantly mitigating the computational burden of
iterative  denoising
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(Mekonnen et al., 2024; Meng et al., 2023).
Furthermore, applying adversarial feedback during

the training of these student networks can enhance
the structural integrity of synthetic digits,
effectively counteracting the diversity loss often
observed in high-capacity generative models
(Kang et al., 2024), (Yin et al., 2024).

AA. RESULTS AND DISCUSSION

The empirical findings indicate that the proposed
distillation framework significantly narrows the
performance gap between synthetic data and
original MNIST samples, particularly within class-
imbalanced  settings where minority  digit
representations are typically degraded (Medvedev
& D’vyakonov, 2022). By leveraging a unified

classifier to mitigate accumulated errors typical of
two-stage frameworks, our methodology ensures
that the generated distribution remains highly
aligned  with  the  underlying structural
characteristics of the original dataset (Wang et al.,
2024). This alignment is further evidenced by the
improved classification accuracy on validation
sets, as the synthesized minority samples provide
the necessary data diversity to prevent the classifier
from over-relying on head-class features (Zhao et
al., 2025). Moreover, the capacity of these
synthetic instances to accurately mimic the original
training manifold facilitates a more robust feature
learning process, effectively compensating for
knowledge gaps typically encountered in data-
scarce regimes (Zhao et al., 2021). Furthermore,

the consistency between the synthesized and
authentic feature manifolds indicates that the
generated augmentations successfully preserve
essential inter-class boundaries without
introducing detrimental distribution shifts (Tang et
al., 2024). Building upon this structural
preservation, we observe that even a modest
augmentation rate of 10% to 20% provides
sufficient coverage to close the performance deficit
in low-representation regimes (Kim et al., 2024).

This alignment between synthetic and real feature
distributions reinforces the potential of generative
modeling to reduce spurious correlations that
might otherwise hinder model generalization
(Ktena et al., 2024). Additionally, the comparative
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t-SNE projections verify that the synthetic samples
effectively occupy the same feature space as the original
digits, underscoring the model's ability to capture the
underlying topological structure without introducing
excessive dispersion (Safder et al., 2025). These

visualization results suggest that the synthesized images
maintain high intra-class similarity, supporting the use of
generative models to compensate for knowledge gaps that
typically occur in discriminative streams when training
data is restricted (Dizyel, 2023: Ge et al., 2022).
Consequently, this methodology offers a robust solution

to data inadequacy, ensuring that classifiers remain
performant and representative even when confronted
with extreme minority class sparsity (Yazdani et al.,
2025). Furthermore, the observed stability across varying
classifier architectures suggests that our framework is
highly adaptable to diverse computational constraints,
confirming its versatility beyond simple digit
classification (Cha & Kim, 2025). Future research
should explore the integration of conformal prediction

frameworks to further quantify uncertainty in these
synthetic augmentations, as this has been shown to
enhance decision-making robustness in downstream
applications (Vishwakarma et al., 2025). Additionally,

extending this approach to more complex, high-
dimensional datasets would validate whether the
framework maintains its efficacy when scaling toward
volumetric or non-MNIST domains (Chadebec &
Allassonniére, 2021). Finally, investigating how to

produce linear interpolations between low-confidence
samples through refined encoder-decoder architectures
could further improve the synthesis of challenging,
nuanced features (Theodoropoulos et al., 2024). By

interpolating latent representations within classes, this
method addresses the inherent limitations of small
datasets by effectively filling gaps in the feature space
(Fuente et al., 2024). Such latent space refinements

enable the generation of novel, representative instances
that significantly improve model generalization,
particularly when traditional oversampling methods
struggle with data reproducibility (Hong et al., 2024).
Furthermore, integrating this framework with discrete

decision criteria  could formalize the synthetic
minority
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oversampling process, providing a more rigorous,
data-driven approach to enhancing representation
capabilities (Kishanthan & Hevapathige, 2025).
Such advancements align with recent research

suggesting that hybrid strategies, which combine

traditional generative frameworks with
uncertainty-aware sampling, provide a compelling
path toward mitigating majority-class bias (Zare et
al., 2025). Furthermore, empirical evidence
suggests that increasing minority instance
representation by a factor of two to four provides
the most balanced performance gains before

diminishing returns materialize (Sauber-Cole &

Khoshgoftaar, 2022). Beyond simple scaling,

incorporating ensembles of generation
mechanisms could further enhance diversity by
mitigating the inconsistent performance often
linked to specific initialization biases (Fonseca &
Bacdo, 2023). Finally, future iterations will adopt
quantitative metrics such as Kullback-Leibler
divergence and  Wasserstein  distance  to
systematically assess the distributional fidelity of

these generated patterns (Yalov-Handzel &

Glickman, 2025). By employing these rigorous

diagnostic tools, we intend to identify potential
noise injection points where low-fidelity synthesis
may inadvertently exacerbate classifier bias. Such
rigorous evaluation is essential, as the lack of
standardized metrics remains a critical barrier in
confirming whether generated instances truly
enrich minority classes or merely introduce
artifacts that distort the decision boundary (Ghosh
et al., 2022). Addressing these challenges requires
a comprehensive framework that incorporates
comparative analyses of emerging techniques, such
as adversarial training, to identify optimal solutions
for varying dataset characteristics (Sutarman et al.,
2025). Moreover, investigating the potential for
mode collapse remains a paramount concern, as

generative models often struggle to capture the full
diversity of minority classes when training data is
severely restricted (Mahendra et al., 2024). To
mitigate this risk, future work could examine the

synergy between diffusion-based synthesis and
hybrid oversampling techniques, which have
shown proficiency in diversifying minority class
compositions (Li et al., 2024). Specifically,

training generative models on datasets pre-
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processed with interpolated samples may facilitate better
convergence for minority distributions, as this
additional information helps bridge the gap between
sparse data points (Fikes et al., 2024). Additionally,
adaptive noise prior assignments could be implemented

to mitigate the majority class accumulation effect,
ensuring that the  diffusion process does not
inadvertently prioritize dominant distributions during
sampling (Gao et al., 2025). Furthermore, employing

statistical tests for distribution comparison can provide
essential insights into the alignment between synthetic

and real-world image manifolds (Nafi et al., 2024).
Such analytical rigor is essential, as the reliance on fixed
noise schedules may otherwise introduce artifacts that
limit the model's ability to achieve an optimal balance
between sample diversity and fidelity. Moreover,
evaluating these models through alternative conditional
stochastic samplers could offer more precise control over
the synthetic output than traditional FID-based scoring.
Indeed, exploring advanced sampling algorithms, such as
those derived from Markov Chain Monte Carlo methods,
could permit more refined control over the latent
space, thereby facilitating the synthesis of targeted,
high-fidelity features (Deschenaux et al., 2024).
Furthermore, experimentations with perceptual losses

based on pre-trained feature extractors can further
bridge the gap between global structural coherence and
local detail preservation (Shah et al., 2024). Such hybrid
strategies, by leveraging complementary generative

frameworks, effectively mitigate the persistent sensitivity
to hyperparameters that often compromises stable
training configurations (Azizov et al., 2024). These

advancements underscore the necessity of developing
more sophisticated diversity metrics that capture both
visual and semantic variation, as such tools provide
deeper insights into the performance trade-offs inherent
in generative augmentation (Gandikota & Bau, 2025).

Ultimately, establishing ethical guidelines for data
collection and model deployment remains a necessary
prerequisite for ensuring that these synthetic datasets
promote transparency and trust in automated
classification systems (Alimisis et al., 2024). Expanding

this scope, future research should investigate how to
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remove the dependency on external captioning
models, leveraging only Large Language Models
to diversify prompt-based denoising (Wang & Chen,
2024). In addition, the implementation of more
sophisticated prompting mechanisms may allow for Generated Datasets

greater control over the latent generation process,

CNN Classifier Training Loss
ultimately reducing the distribution gap between r s 1 1 b |
synthetic and real-world data (Jodelet et al., 2024). :-u; 4
Moreover, integrating adaptive noise injection an
techniques can further enhance the realism of these g:-:»:‘ i
synthetic datasets by aligning generated features -
more closely with domain-specific characteristics :;,D‘
(Abdolazimi et al., 2024). Such methodologies are ':;
crucial for shifting from generic augmentation Ve
towards targeted sampling procedures that leverage 02
semantic contrasts and estimated image quality. 0.0 . + N
Furthermore, developing robust selection criteria to 2o RS R boih S A

filter generated samples can prevent the inclusion of
low-quality data that might inadvertently degrade
classifier performance (Chen et al., 2023).
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BB. CONCLUSION

This
minority-class
distillation provides a

that
via

work  demonstrates synthesizing
diffusion-based

robust mechanism for

instances

rebalancing skewed datasets while maintaining
computational efficiency (Mondal et al., 2025). By

effectively balancing image diversity and semantic
consistency, this approach addresses the critical
limitations of standard augmentation techniques in
handling class imbalance (Li et al., 2024). Building
on these findings, future research will explore the
integration of downstream model knowledge to
refine synthetic image distributions, potentially
bridging performance gaps observed in pre-trained
feature extractors (Jung et al., 2024). Furthermore,

investigating optimal prompt diversity within these
generative pipelines remains a critical frontier for
maximizing the utility of synthetic samples in
downstream classification tasks (Li et al., 2025).

This expansion could potentially leverage adaptive

sampling strategies, which have demonstrated
significant promise in enhancing dataset diversity
and mitigating class ambiguity in low-data regimes
(Dong et al., 2024: Sousa et al., 2024). Moreover,

future investigations might incorporate automated

cleaning processes or knowledge base verification
to further reduce hallucinations and improve the
structural integrity of the generated features
(Feillet et al., 2024). Additionally, exploring the
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transferability of these generative paradigms to more

complex, long-tailed datasets will be essential to
evaluate the scalability and generalizability of the
proposed framework in real-world application scenarios
(Han et al., 2024: Perry et al.. 2025).

incorporating detector-guided refinement processes can

Finally,

further enhance label consistency, ensuring that the
synthesized samples effectively resolve structural flaws
and optimize the overall quality of the rebalanced dataset
(Zou et al., 2025). Such efforts are instrumental in

transforming current generative paradigms into more
reliable instruments for mitigating the inefficiencies
inherently linked to unbalanced category distributions in
(Ming et al., 2024). Finally,
integrating rebalancing mechanisms directly into the
holds
mitigating the intrinsic biases found in long-tailed data

classification models

generative  process significant potential for

scenarios (Wen et al., 2024). By synthesizing these

disparate methodologies, researchers may effectively
circumvent the performance trade-offs often encountered
in conventional class-sensitive rebalancing (Chen et al.,
2024). Furthermore, exploring the synergy between
information and decoupled

augmentation training

paradigms may provide a more comprehensive

framework for addressing the complexities of deep long-

tailed learning (Zhang et al., 2023). These integrative
approaches, coupled with the application of retrieval-
augmented generation to provide structured world-
knowledge, may fundamentally enhance the model's

capacity to represent rare concepts (Udandarao et al.,

2024). Moreover, aligning these generative pipelines
with asymmetric loss functions or bi-level sampling
schemes offers a robust strategy for refining the
classification head, particularly when addressing the
scarcity of tail-end categories (Liu et al., 2023).

Integrating these synthetic generation pipelines with
specialized loss functions creates a comprehensive
strategy for bolstering model robustness, effectively

shifting beyond simple pixel manipulation to address

underlying class representations (Kashyap et al., 2024).
By grounding the synthesis process in distributional

robustness theory, one can further stabilize the
estimation of tail-class centroids, ensuring that the
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generated data remains representative of the true,
underlying population (Zhang et al., 2025). This

methodological ~ evolution  necessitates  an
evaluation of how generative architectures can be
further constrained to prevent the introduction of
synthetic noise, which often exacerbates the
classifier's inherent bias toward dominant head
categories (Qi et al., 2023). Addressing this

challenge requires a deeper focus on quantifying

the specific impact of long-tailed data on
generative fidelity, thereby ensuring that synthetic
samples do not merely replicate but actively rectify
existing skews (Rangwani, 2024). This evolution

aligns with recent efforts to decouple feature
extraction from classifier training, which helps
mitigate the biased decision boundaries frequently
encountered in imbalanced classification tasks.
Furthermore, shifting from simple resampling to
advanced frameworks that incorporate contrastive
learning can yield more diverse feature
representations,  ultimately  strengthening  the
model’s ability to recognize underrepresented
classes (Wu, 2025; Zhao et al., 2024).

By leveraging such hybrid architectures,
researchers can  effectively harmonize the
complementary strengths of generative data
augmentation and decoupled learning, thereby
improving decision boundaries for long-tailed
distributions (Chen et al., 2023; Liu et al., 2023).

Additionally, adopting  dual-branch  network
architectures that independently process synthetic
and real samples allows for robust feature
extraction while simultaneously minimizing the
impact of potential artifacts generated during the
diffusion process (Li et al., 2024). This approach

facilitates a more nuanced distillation of
representative features, ensuring that the classifier
learns from the most reliable synthetic segments
while remaining resilient to outliers (Zhang et al.,
2024). Furthermore, implementing a post-training
prior re-balancing technique via KL-divergence-
based optimization can further rectify the label
distribution shifts exacerbated by training set
imbalance (Guo et al., 2023). Such refinements

prove essential, as traditional rebalancing methods
often struggle to maintain sufficient diversity
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within tail classes, thereby failing to eliminate the
decision boundary bias inherent in severely
underrepresented categories (Wang et al., 2022). By

strategically integrating these generative enhancements
with decoupled training frameworks, practitioners can
effectively isolate representation learning from final
classifier  adjustments, thereby yielding more
discriminative features for minority classes (Chen et al.,
2024; Wang et al., 2025). Furthermore, this paradigm
shift enables the model to treat the diffusion process as

a "lecturer" that aggregates dataset-wide information to
facilitate more accurate decision surfaces across all class
densities (Shao et al., 2024). In this context, instance-

balanced sampling during the generative phase fosters
more generalizable feature representations, while
subsequent class-balanced fine-tuning ensures that the
classifier remains sensitive to the nuances of rare
categories (Gui et al., 2023; Wang et al., 2021).
Moreover, the incorporation of contrastive learning

objectives can further refine these representations by
maximizing inter-class margins and minimizing intra-
class variance for minority samples (Du et al., 2024). This
approach systematically tackles the degradation of tail
category patterns, ensuring that the generated samples
retain both semantic richness and structural integrity (Fu
et al., 2025). Specifically, recent advancements
demonstrate that adjusting the prior label distribution
through adaptive noise sampling can mitigate the
head-class accumulation effect, thereby enhancing the
quality and diversity of synthesized tail-class instances
(Xu et al., 2024). Moreover, these techniques are

complemented by contrastive learning losses that reduce
the appearance overlap between minority and majority
distributions, ensuring a distinct feature space for rare
classes (Yan et al., 2024). Building upon these

advancements, recent literature has explored the
integration of latent space manipulation, where denoising
diffusion implicit models generate pseudo-features to
augment  tail-class  representation  without the
computational overhead of high-resolution pixel

synthesis (Kong et al., 2024). This strategy effectively

mitigates the latent space  overlap  that  often

compromises feature
borrowing during tail-class generation (Esther et
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al., 2025). Furthermore, by adopting conditional-
unconditional alignment strategies, models can
leverage semantic knowledge from head classes to
guide the generation of underrepresented samples
while maintaining superior fidelity during the
denoising process (Chen et al., 2025). By

employing gradient energy equalization to align
per-class norms, such architectures successfully
stabilize training, ensuring that minority-class
generation does not suffer from the fidelity
degradation  typically observed in  vanilla
probabilistic  models. These methodological
advancements address the fundamental limitations
of generative approaches, where traditional GAN-
based frameworks often struggle with training
instability and the requirement for extensive large-
scale data (Qin et al., 2023). Conversely, diffusion-

based models provide superior mode coverage and
controllable sampling, offering a more stable
alternative to the training instability frequently
associated with adversarial frameworks (Alahyari,
2025). By integrating these models into a
curriculum-based training loop, researchers can
bridge the distribution gap by progressively
introducing synthetic tail samples that align with
real-world target statistics (Liang et al., 2024). This

integration of generative data mining into the
training pipeline facilitates the synthesis of rare,
informative examples that explicitly address the
model's predictive weaknesses (Hayden et al.,
2025). Such diffusion-based
augmentation provides a robust mechanism to

synthetic

overcome the inherent limitations of traditional
resampling, which often fail to account for the
structural complexity of tail classes (Han et al.,
2024;: Um et al., 2025). In this regard, deep
generative models offer a sophisticated avenue for

synthesizing diverse and realistic samples, which
directly addresses the information loss inherent in
standard undersampling techniques (Zen & 10,
2025a, 2025b). By embedding class-prior
knowledge directly into the diffusion process via

score field rebalancing, researchers can further
steer the generation mechanism to prioritize
minority instances, thereby rectifying the inherent
bias of the training set without requiring additional

data collection (Dhanraj, 2025). This methodology
leverages the high fidelity and comprehensive
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distribution coverage of diffusion models to synthesize
samples within low-density regions, effectively capturing
the complex topological characteristics of the minority
class (Sehwag et al., 2022). Consequently, this refined

sampling strategy minimizes the risk of mode collapse, a
common pitfall in adversarial frameworks that hinders
the representation of rare patterns (Li et al., 2025).

Moreover, the capacity of diffusion models to precisely
model normal patterns facilitates the identification of
distributional outliers, thereby ensuring that synthetic
samples remain faithful to the underlying data manifold
(Liu et al., 2025). This approach effectively leverages

the gradient information of regional samples to improve
the classification accuracy of rare categories while
reducing potential misclassification costs (Yang et al.,
2026). Given the iterative denoising nature of these
models, the refinement of latent representations allows
for the synthesis of high-fidelity minority instances that
better preserve the structural integrity of the original data
manifold (Kerim et al., 2024). This strategic refinement is
particularly vital for the MNIST dataset, where the subtle
structural nuances of low-density digit variations are

frequently overlooked by conventional generative
models (Um et al., 2023). By constraining the reverse

diffusion trajectory through class-conditioned noise
estimation, the proposed architecture enhances the
separation of ambiguous digit representations, thereby
reducing inter-class overlap in the latent space (Li et al.,
2024; Um & Ye, 2024). Such improvements in sample
quality ultimately translate into enhanced classification

performance, as the model achieves a more balanced
representation of the digits and reduces the bias toward
dominant classes (Velankar & Patil, 2024). Furthermore,
the implementation of a perception-prioritized weighting

scheme during the denoising process significantly
optimizes the model's ability to recover these delicate
features by emphasizing critical noise levels that define
complex digit configurations (Choi et al., 2022). This

approach allows the model to prioritize synthesizing
samples from low-density regions of the data manifold,

effectively addressing sample deficiency while
maintaining high fidelity (Sehwag et al., 2022).
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Additionally, this search-evaluation-adjustment
framework ensures that the generated synthetic
instances are not merely repetitions of the training
set but are strategically calibrated to enhance the
informational value of rare digit configurations
(Lan et al., 2024). By leveraging these synthesized

examples, the classifier gains exposure to the
diverse morphological variances of minority-class
digits, which facilitates a more robust decision
boundary during the training phase (Le, 2024).
Building on this framework, integrating a noise
level correction network allows for more precise
projection onto the manifold, ensuring that
synthetic digits strictly adhere to the geometric
properties of the target distribution (Abuduweili et
al., 2025). Such deterministic refinements
effectively preserve the original ODE trajectory,
enabling stable, high-fidelity sample generation
without the necessity for disruptive noise injection
or multi-step resampling (Peng & Gao, 2026). This

post-hoc correction mechanism maintains the
fidelity of synthetic instances by performing latent
space alignment, thereby ensuring that generated
outliers adhere strictly to the established data
manifold (Peng & Gao, 2026). Furthermore, by
defining the corrected noise level as , the model

effectively aligns estimated clean samples closer to
the data manifold, mitigating the inaccuracies
prevalent in  naive  denoising  processes
(Abuduweili et al., 2024). This adaptive noise
scheduling facilitates a more robust regularized

training dynamic, effectively preventing the
convergence of generated samples toward trivial or
degenerate solutions (Gagliani et al., 2025).

Building upon this, implementing a reversed
logarithmic time step spacing during inference
allows for denser evaluations in noisier regions,
further stabilizing the generation of these minority
digit representations. This granular temporal
control ensures that the transition from stochastic
noise to deterministic structure remains consistent
with the target digit morphology, preventing the
semantic blur that often complicates inter-class
separation (Naseer et al., 2023). Finally, by

grounding the diffusion process in the underlying
data geometry, the model ensures that synthesized

minority samples remain concentrated within the
high-density regions of the target manifold, thereby
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avoiding the introduction of artifacts that could degrade
the classifier's generalization capabilities (Wan et al.,
2024). This alignment is achieved by guiding the
sampling trajectory towards the manifold of clean digits
using a score-based vector field, which minimizes
truncation errors during the iterative denoising process
(Bar et al., 2025; Chen et al., 2024). To further optimize
this refinement, we adopt a trajectory-aware sampling

approach that exploits the discovered geometric
regularity, wherein simulated sampling paths converge
toward a low-dimensional subspace characterized by
consistent "boomerang" shapes (Chen et al., 2025). By

emphasizing the tangential components of these score
updates, the model effectively constrains the trajectory to
follow the underlying data manifold, thereby reducing the
prevalence of out-of-distribution samples that typically
compromise class-specific features (Cho et al., 2025).
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