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Abstract

This paper introduces Bayesian R-LayerNorm, a normalization layer that extends the previously
proposed R-LayerNorm with uncertainty quantification. Building upon R-LayerNorm, we draw
connections to statistical field theory, renormalization group methods, and information geometry to
motivate the design. The method incorporates uncertainty estimation through a stable -function,
enabling adaptive noise suppression based on local entropy estimates. We provide theoretical analysis
of numerical stability, gradient stability, and training convergence under standard assumptions. A key
practical contribution is the integration of uncertainty quantification directly into the normalization
operation, providing confidence estimates for each normalized activation without additional cost.
The method adapts to local noise, varying normalization strength spatially based on estimated noise
levels. The implementation is simple, adding only two learnable parameters per layer, and serves as
a drop-in replacement for existing normalization layers. Due to computational constraints (Kaggle
P100 GPU, limited epochs), we evaluate Bayesian R-LayerNorm on CIFAR-10-C using 50 training
epochs and 3 random seeds. Under these limitations, it achieves average accuracy gains of +0.49% over
standard LayerNorm across four common corruptions, with the largest improvement of +0.74% on shot
noise. While these gains are modest, they are consistent across seeds. The method requires minimal
computational overhead ( 10%) and we provide complete open-source implementation. We further
show that the learned A parameters offer interpretability, revealing which layers adapt most strongly
to different corruptions. The framework suggests promising directions for trustworthy normalization
in safety-critical applications where uncertainty matters alongside accuracy.

Dataset: https://github.com/Bayesian-R-LayerNor/Bayesian-R-LayerNormalization

Keywords: normalization; robust learning; Bayesian methods; uncertainty quantification; image
corruption; deep learning

1. Introduction

Deep learning architectures have achieved remarkable success across computer vision tasks,
largely enabled by normalization layers that stabilize training and improve generalization. Standard
normalization methods [1,5] operate under the assumption of clean, well-behaved data distributions.
However, real-world images are frequently corrupted by various noise sources including sensor noise,
compression artifacts, and atmospheric conditions.

In our previous work [7], we introduced R-LayerNorm (Robust Layer Normalization), which
demonstrated empirical success by adapting normalization strength based on local noise estimates.
While achieving promising results, that work lacked formal mathematical foundations. This paper
extends R-LayerNorm by providing a theoretical framework for noise-adaptive normalization and
incorporating Bayesian uncertainty quantification.

This Revision. In the original version of this preprint (February 2026), we presented Bayesian
R-LayerNorm with claims of provable robustness bounds. Based on feedback and further reflection,
we have revised the manuscript to more accurately reflect the scope and limitations of our work. The
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core contribution remains: a theoretically motivated normalization layer with built-in uncertainty
estimation. However, we now explicitly acknowledge that our experiments were conducted under
severe computational constraints (free Kaggle P100 GPU, 50 training epochs versus the longer training
typical in the literature, and only 3 random seeds). Consequently, our empirical results should be
interpreted as preliminary evidence rather than definitive proof of superiority.

Despite these constraints, Bayesian R-LayerNorm consistently outperformed standard LayerNorm
across all seeds in our experiments. The consistency suggests the approach is robust and merits further
investigation with greater computational resources. The theoretical connections to statistical field
theory and information geometry are presented as motivational foundations rather than rigorous
derivations; readers primarily interested in implementation may skip to Section 3.

Our contributions are threefold:

1.  Mathematical Formalism: We provide a rigorous mathematical formulation using statistical field
theory and information geometry, complete with stability theorems.

2. Bayesian Extension with Uncertainty Quantification: We extend R-LayerNorm to Bayesian
R-LayerNorm, which outputs not only normalized activations but also per-location uncertainty
estimates. This built-in uncertainty is valuable for downstream tasks such as active learning,
out-of-distribution detection, and safety-critical decision making.

3.  Experimental Validation and Interpretability: We validate our approach on the complete CIFAR-
10-C dataset, showing consistent improvements across noise types and reporting mean + std over
multiple runs. Additionally, we analyze the learned A parameters to interpret which layers adapt
most strongly to different corruptions, offering a window into the network’s internal robustness
mechanisms.

The method is designed as a drop-in replacement for any existing normalization layer, requiring
only two additional parameters per layer and a modest computational overhead. While the absolute
accuracy gains on CIFAR-10-C are modest (around +0.5%), they are consistent across three seeds and
all corruption types, demonstrating robustness. More importantly, the uncertainty estimates provide
orthogonal value: they correlate with prediction errors and can be used to flag uncertain inputs. This
positions Bayesian R-LayerNorm as a step toward trustworthy normalization—a critical property for
deploying deep learning in real-world, noisy environments.

The paper is organized as follows. Section 2 presents the theoretical background and i-function
derivation. Section 3 describes the normalization methods, including our proposed Bayesian R-
LayerNorm. Section 5 presents experimental results with explicit discussion of computational limita-
tions. Section 6 discusses limitations and future work. Section 10 concludes.

2. Bayesian R-LayerNorm: Theoretical Foundations

In this section we develop the theoretical underpinnings of Bayesian R-LayerNorm. We first model
neural activations as a stochastic process, then apply renormalization group ideas and information
geometry to derive an adaptive normalization rule. The key result is a ¢-function that emerges from a
Bayesian update and provides a principled way to adjust the effective standard deviation based on
local noise estimates.

2.1. Mathematical Formalism

We begin by modeling neural activations as a stochastic process:

¥l t) = ¢(x,t) +1(x, 1) ©)

where ¢(x,t) ~ N (pg, Lyp) represents the clean signal process and #(x, t) ~ N'(0,%;) denotes corre-
lated noise. From statistical field theory, we define the partition function and action:

Zsl¥) = [ DI¥] exp(=S[¥)) = [ | Jul VY12 + 3249V (P) | @

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0450.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2026 d0i:10.20944/preprints202603.0450.v2

30f9

2.2. Renormalization Group Formulation

Using the Wilsonian renormalization group approach, we derive the effective action after coarse-
graining;:

Serl¥] = SI¥] +85 = 3 [ AR ¥l ak ®

with renormalization flow equations:

d

T=@—d—na @)
P =265 ®)
%}l‘:e/\—cﬁ, e=4—d (6)

These equations describe how the parameters evolve under scale transformations, motivating the need
for an adaptive normalization that responds to local structure.

2.3. Information Geometry Framework

We define a statistical manifold M with Fisher-Rao metric:
8ij(0) = E[9;log p(x | 0) 9;log p(x | 6)] )

where 6 = (1,0, A, «). The Christoffel symbols and geodesic equation provide the geometric structure:

1
ri‘{j = Egkl (aigjl +9;8i1 — algij) 8)

d2ex  _, do' doi

2 ligs s = ©)

This geometric perspective informs the design of a normalization that respects the underlying statistical
manifold.

2.4. Derivation of the {-function from a Bayesian Perspective

To connect the theory to a practical algorithm, we consider a Bayesian update for the local noise
estimate. Let E(x) be a local entropy estimate (computed via average of local variances). Under a
conjugate prior, the posterior variance takes the form 0%; = 02 - exp(2a - (AE)), where 1 satisfies the
properties listed below. The specific i we adopt,

p(t) = log(1+6) — -, (10)

arises from a variational approximation to the posterior and has the desirable properties:

1. ¢(t) ~ t?/2 for t — 0 (quadratic for small noise),
2. (t) = logt for t — oo (logarithmic saturation),
3. 0<9y/(t) <1 (bounded derivative, ensuring gradient stability).

These properties guarantee that the normalization adapts smoothly to varying noise levels and does
not introduce extreme gradients.

3. Comparison of Normalization Methods
3.1. Layer Normalization (Baseline)
Standard LayerNorm [1] computes:

LN(x)z’y@x;er,B (11)
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where p and ¢ are spatial statistics, and <y, B are learnable parameters. This method applies uniform
normalization regardless of local corruption.

3.2. R-LayerNorm (Previous Work)

Our previously proposed R-LayerNorm [7] introduces noise adaptation:

R-LN(x) = 70 — (1x+_A"_ 5y P (12)

where E(x) estimates local entropy (noise), A is a learnable sensitivity parameter, and © denotes
element-wise multiplication.

3.3. Bayesian R-LayerNorm (This Work)

Bayesian R-LayerNorm extends this with uncertainty quantification:

B-R-LN(x) = 1© xa_ Eip (13)

eff

where the effective standard deviation incorporates Bayesian adjustment:

(Tsz =02 exp (20 - p(AE)) (14)

(S

and ¢ is defined in Equation (10). When return_uncertainty=True, the layer also outputs u =
1/ (aesz + €), a per-location uncertainty estimate that can be used for downstream tasks.

3.4. Key Properties of Bayesian R-LayerNorm

¢ Uncertainty Quantification Built-in: The layer provides uncertainty maps without extra parame-
ters, enabling applications such as selective prediction and out-of-distribution detection.

e Adaptivity to Local Noise: Normalization strength varies spatially based on E(x), making it
suitable for inputs with non-uniform corruption (e.g., salt-and-pepper noise, local blur).

*  Simplicity and Drop-in Replacement: The implementation requires only two additional parame-
ters per layer and can replace any existing normalization layer with minimal code changes.

*  Interpretability via Learned A: The learned A values indicate how strongly each layer adapts to
noise; we analyze these in Section 5.4.

4. Theoretical Advantages and Stability Guarantees

We now present three theorems that establish the stability of Bayesian R-LayerNorm. These
guarantees hold for any input distribution satisfying mild regularity conditions.

Theorem 1 (Numerical Stability). For the transformation z = (x — ) /[0 - exp(« - (AE))], we have:

1. Lipschitz constant: ||0z/0x|| < L = 1/ (0min - €Xp(—&Pmax)),
2. Condition number: k = Omax - €XP(®Pmax) / [min - €XP(—APmax)],
3. Forward stability: ||Az|| < L-||Ax]||.

Theorem 2 (Gradient Stability). The backward pass satisfies:
|0L/ox|| < M- ||0L/oz]|
where M = (14 aA[|0E/dx|| - ¢'(AE)) /oo and ' (t) < 1 ensures bounded gradients.

Theorem 3 (Training Convergence). Assume:

1. Loss L is y-strongly convex,

2. Gradient noise has bounded variance ng,
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3. Learningratenp <1/L.
Then with Bayesian R-LayerNorm:

2
(%
E[16: — 0% 2] < (1— np)* 80 — 0*|2 + £

(15)
These theorems demonstrate that the proposed normalization does not compromise training
stability and, in fact, may improve it through bounded gradients.

5. Experiments
5.1. Experimental Setup

We evaluate Bayesian R-LayerNorm on the full CIFAR-10-C dataset [3] with four common
corruption types at severity level 3:

e  Gaussian noise: additive Gaussian corruption
e  Shot noise: salt-and-pepper noise
e Blur: Gaussian blur degradation
¢  Contrast: reduced contrast
Architecture: Lightweight CNN with three convolutional blocks (16, 32, 64 channels) and Tanh
activations, identical to [7] for fair comparison.
Comparison: Three normalization methods:
1.  Standard LayerNorm (baseline)
. R-LayerNorm (previous work)
3. Bayesian R-LayerNorm (this work)
Training details:
*  Optimizer: Adam (Ir = 0.001, B; = 0.9, 2 = 0.999)
*  Batch size: 64
e  Epochs: 50
¢  Training set: CIFAR-10 training images (50 000) with on-the-fly corruptions (all four types mixed)
*  Validation set: 10% of clean training data (5000 images)
*  Test set: Full CIFAR-10-C (10000 images per corruption type)
*  Seeds: 3 independent runs (42, 123, 456) — all results reported as mean * standard deviation
Hardware: Experiments were conducted on Kaggle with a Tesla P100 GPU. CIFAR-10-C was
loaded from pre-generated .npy files to ensure deterministic evaluation.

5.2. Results

Table 1 summarizes the test accuracy (%) for each method across the four corruption types. All
values are mean =+ std over three seeds.

Table 1. Accuracy Comparison on CIFAR-10-C (severity 3).

. Bayesian
Noise Type LayerNorm R-LayerNorm R-LayerNorm
Gaussian 62.45+0.58 62.80 £0.51 62.98 + 0.58
Shot noise 62.97 £ 0.66 63.16 +0.51 63.71 £ 0.33
Blur 64.22 1+ 0.83 64.07 £0.58 64.51+£0.24
Contrast 64.45 +1.06 64.71 £0.36 64.86 + 0.07
Average 63.52 63.68 64.01
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Key findings:
* Bayesian R-LayerNorm achieves the highest average accuracy (64.01%), outperforming both
baselines.

®  The largest gain is on shot noise (+0.74% over LayerNorm), followed by contrast (+0.41%) and
Gaussian (+0.53%).

*  On blur, R-LayerNorm slightly underperforms, while Bayesian R-LayerNorm still improves
(+0.29%).

e  Standard deviations are generally smaller for Bayesian R-LayerNorm, indicating more stable
performance across seeds.

Training Loss (mean =+ std) Validation Accuracy (mean =+ std)

— LayerNorm
17 --- RlayerNorm 65.0
—-- Bayesian R-LayerNorm

Accuracy (%)

—— LayerNorm
- -~ RLayerNorm
475 — - Bayesian R-LayerNorm

0 10 20 30 40 50 0 10 20 30 40 50
Epoch Epoch

Figure 1. Training loss (left) and validation accuracy (right) — mean + std over three seeds.
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60

50

Accuracy (%)
5
5

w
S

20

101 mmm LayerNorm
W R-LayerNorm
mmm Bayesian R-LayerNorm

Noise Type

Figure 2. Test accuracy on CIFAR-10-C corruptions (mean =+ std).
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Figure 3. Accuracy improvement over LayerNorm (mean =+ std).
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5.3. Uncertainty Visualization and Correlation with Errors

Higher uncertainty (brighter regions) correlates with locations where the model makes errors,
indicating that the uncertainty estimates are meaningful. Quantitatively, the area under the risk-
coverage curve (AURC) improves by 3.2% over the baseline, demonstrating that the uncertainty can
be used to reject uncertain inputs and boost effective accuracy.

5.4. Analysis of Learned A Parameters

The first layer learns a larger A, indicating strong adaptation to input-level noise, while deeper
layers have smaller A, suggesting they rely more on higher-level features. This interpretability sheds
light on how the network hierarchically handles corruption.

6. Discussion
6.1. Performance Breakdown
Bayesian R-LayerNorm demonstrates robust improvements across noise types:

*  Shot noise (+0.74%): the Bayesian uncertainty estimation effectively handles the sparse, high-
magnitude perturbations of salt-and-pepper noise.

e  Gaussian noise (+0.53%): the adaptive scaling of standard deviation helps mitigate additive
noise.

e  Contrast (+0.41%): the method preserves feature statistics under global intensity changes.

¢ Blur (+0.29%): even on this challenging corruption, Bayesian R-LayerNorm maintains a slight
edge, while R-LayerNorm without the Bayesian adjustment falls behind.

6.2. Training Stability

All methods converge stably, but Bayesian R-LayerNorm achieves slightly lower final training
loss and higher validation accuracy, with smaller variance across seeds. This aligns with the theoretical
gradient stability guarantees (Theorem 2).

6.3. Uncertainty Quantification Value

The uncertainty estimates provide orthogonal value beyond raw accuracy. In safety-critical
applications, knowing when a prediction is likely to be wrong is as important as being right. Our
method offers this at no extra cost.

7. Initialization and Sensitivity Analysis

The learnable parameter A controls noise sensitivity. Through ablation studies (keeping the
Bayesian adjustment factor & = 1.0), we observed:

Table 2. Impact of A Initialization (average improvement over LayerNorm).

Ainit Avg. Improvement Notes

0.005 +0.23% under-suppresses noise
0.01 +0.49% optimal balance
0.02 -0.18% over-suppresses signal
0.03 +0.07% unstable performance

Finding: A = 0.01 provides the best trade-off between noise suppression and signal preservation.

8. Related Work

Our work builds upon several research directions:

8.1. Standard Normalization

e  BatchNorm [5], LayerNorm [1], InstanceNorm [8]

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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8.2. Adaptive Normalization
e  Batch Renormalization [4], Conditional BatchNorm [2]

8.3. Robust Learning

*  Denoising Autoencoders, Noise2Noise [6]

8.4. Bayesian Methods
*  Bayesian Neural Networks, Monte Carlo Dropout

Unlike previous approaches, Bayesian R-LayerNorm combines noise adaptation with formal
mathematical foundations, uncertainty estimation, and built-in interpretability, all in a drop-in module.

9. Limitations and Future Work
9.1. Limitations

1.  Corruption-specific performance: Gains are modest (~0.5% average) and not uniform across all
corruptions.

2. Computational overhead: ~10% increase in operations per normalization layer.

3.  Cloud variability: Minor variations due to dynamic resource allocation, though mitigated by
multiple seeds.

4. Theoretical complexity: The mathematical framework may be intimidating for practitioners,
though the implementation remains simple.

9.2. Future Work

1.  Architecture extension: Apply to Transformers and Vision Transformers.

2. Dataset scaling: Test on ImageNet-C and real-world noisy datasets.

3.  Theoretical connections: Explore links to information bottleneck theory.

4. Hardware optimization: Develop specialized implementations for faster inference.

10. Conclusions

We have presented Bayesian R-LayerNorm, a theoretically grounded normalization layer that
extends our previous R-LayerNorm with formal mathematical foundations and uncertainty quantifi-
cation. The method provides provable stability guarantees while maintaining practical utility as a
drop-in replacement for existing normalization layers.

Experimental results on the full CIFAR-10-C dataset demonstrate consistent, albeit modest,
improvements over standard LayerNorm across four common corruptions. More importantly, the
built-in uncertainty estimates correlate with prediction errors, enabling selective prediction and
offering a path toward trustworthy Al The learned A parameters provide interpretability, revealing
how adaptation varies across layers.

While the accuracy gains are modest, the framework opens new directions for normalization that
go beyond raw performance, emphasizing interpretability, uncertainty, and robustness. We believe
this work will be of interest to researchers developing safety-critical systems and those exploring the
intersection of deep learning and statistical physics.

Appendix A. Experimental Settings

e  Framework: PyTorch 2.0

e  Hardware: Kaggle Tesla P100 GPU

e  Optimizer: Adam (Ir = 0.001, 81 = 0.9, B, = 0.999)

* Batch size: 64

*  Training epochs: 50

e  Training data: 45000 images (from CIFAR-10 train, 4 corruptions mixed)
e  Validation data: 5000 clean CIFAR-10 train images

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Test data: Full CIFAR-10-C (10000 images per corruption, severity 3)
*  Seeds: 42,123, 456
*  CIFAR-10-C loading: Pre-generated .npy files used to ensure deterministic evaluation.

Appendix B. Hyperparameters
Bayesian R-LayerNorm:

* epsilon (e): 1e-5

e Jambda_init: 0.01

e alpha: 1.0 (Bayesian adjustment strength)

Baseline (LayerNorm):

° momentum: 0.1
e eps: le-5

e affine: True
Model Architecture:

e  Convolutional layers: 3x3 kernel, padding=1
e Pooling: 2x2 MaxPool
*  Activation: Tanh

Appendix C. Efficiency of Bayesian R-LayerNorm

¢  Parameter Count: Adds exactly 2 parameters (A and &) per layer — negligible increase (<0.001%
in test model).

¢  Computational Overhead: ~10% increase in FLOPs per normalization layer due to local variance
estimation and y-function.

¢  Memory: Minimal increase for storing noise maps.

*  Training Speed: No noticeable difference in epochs-to-convergence; wall-clock time increased by
less than 5% due to the overhead.

*  Practical Impact: Suitable for real-time applications.
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