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Abstract: Choosing an appropriate prior distribution for the weights of Bayesian neural networks
(BNN5s) remains an open challenge. In most cases, a Gaussian prior is adopted, but its typically high
variance can lead to overestimation of the predictive uncertainty. Recently, horseshoe priors have been
proposed for model selection and compression, as they effectively deactivate units that do not contribute
to explaining the data and yield well-calibrated structural weight uncertainty estimates. However, the
horseshoe prior has been found to underestimate predictive uncertainty, especially in regions lacking
data. In this paper, we proposed an efficient variational sparse BNN that integrates both a regularized
horseshoe prior and a Gaussian scale mixture prior. Both priors can induce sparsity, thereby mitigating
overfitting and improving the model’s generalization ability. Our approach enables computationally
efficient optimization via variational inference while providing more reliable predictive uncertainty.
Experimental results demonstrate that the proposed model delivers competitive predictive performance
and reasonable posterior weight uncertainty estimates in non-linear regression, image classification,
and anomaly detection tasks compared with recent methods.
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1. Introduction

Deep neural networks (DNNs) have achieved state-of-the-art performance in a wide range of
complex tasks, such as image classification [44], medical image analysis [41], and artificial intelligence
(AI) agents [50]. However, their decisions are based solely on deterministic estimates, which may


https://www.aimspress.com/journal/Math
https://dx.doi.org/10.3934/math.2025977

21930

result in overconfident yet incorrect predictions [7], undermining reliability. In high-risk domains—
such as medical diagnosis and autonomous driving—system reliability is critical, as incorrect decisions
in life-threatening situations can have fatal consequences [12]. Moreover, DNN predictions often lack
interpretability, leading many to regard these models as “black boxes” [39]. Additionally, their deep
architectures are prone to overfitting [8], requiring large datasets and strong regularization to maintain
performance.

In contrast, BNNs can potentially address these limitations [11]. They treat weights and biases
as random variables, learning their posterior distributions during training while also estimating
predictive uncertainty. This Bayesian framework offers a principled way to control overfitting, quantify
confidence, and improve reliability in safety-critical applications [1, 28, 32]. As a result, research
interest in BNNs and uncertainty estimation has grown substantially [6, 33].

A commonly used learning technique for BNNs is variational inference (VI) [31, 49], which
approximates the posterior distribution with a tractable distribution and optimizes it to be close
to the true posterior. VI-based BNNs are relatively easy to implement and robust against
overfitting. Several approximate inferences—such as black-box variational inference [18] and alpha-
divergence minimization [27]—make Bayesian inference computationally efficient and scalable on
large datasets [49]. These advances have led to BNN adoption in various applications, including
active learning [46], out-of-distribution (OOD) detection [11], adversarial attack detection [21],
reinforcement learning [32], and disease diagnosis [8].

Choosing an effective prior is crucial for successful Bayesian inference. Unfortunately, the
predictive performance and uncertainty estimation of BNNs can be highly sensitive to prior selection,
and meaningful priors are difficult to specify due to the complex, non-intuitive relationship between
network weights and their functional role [30,36,38,43,48].

In practice, Gaussian priors are the most widely used in modern BNN applications. Blundell et
al. [4] proposed a Gaussian scale mixture prior—similar to a spike-and-slab prior—and employed
the reparameterization trick [25] to obtain unbiased gradient estimates. This prior consists of two
zero-mean Gaussian distributions with different variances. Despite progress in variational inference
methods, BNNs with Gaussian priors still tend to underperform compared with networks trained via
stochastic gradient descent and incur high computational costs [45].

Sparsity-inducing priors, particularly the horseshoe prior, have gained attention for creating
sparse neural networks when combined with VI. The horseshoe prior can promote network weight
sparsity [29], enable model compression [15], and support interpretable feature selection [39]. Louizo
et al. [29] applied a group horseshoe prior in DNNs to prune units, achieving state-of-the-art
compression rates. Ghosh et al. [14] applied a horseshoe prior to the incoming weights of each unit in a
BNN for model selection. This method effectively deactivates units that do not contribute to explaining
the data. However, the horseshoe prior can introduce minor perturbations when training data is limited,
adversely affecting the generalization performance of BNNs. Ghosh et al. [15] proposed applying a
regularized horseshoe prior to unit-specific weights for structured variational learning, which improved
the compactness of the learned model. Nalisnick et al. [37] used the horseshoe prior to regularize
both the number of layers and the number of hidden units per layer in DNNs, showing it to be more
competitive than traditional regularization mechanisms such as dropout. Dropout randomly zeroes out
certain weight parameters with a given probability to encourage sparsity, and the two approaches can
be made equivalent via reparameterization [37]. However, these methods generally place priors over
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hidden units.

Popkes et al. [39] proposed a two-layer network in which the input-layer weights were assigned a
horseshoe prior for feature selection, while the second-layer weights used a zero-mean Gaussian prior.
This model was applied to medical outcome prediction. Bai et al. [2] developed computationally
efficient variational inference methods for sparse DNNs using spike-and-slab priors, providing
theoretical guarantees for their approach. Sun [47] proposed a frequentist-like method for learning
sparse DNNs, demonstrating its consistency within a Bayesian framework. Jantre et al. [22] introduced
a Gaussian spike-and-slab node-selection model that achieved strong predictive performance. Dabiran
et al. [9] proposed a sparse BNN using a hybrid prior that combined automatic relevance determination
and informative priors, addressing both overfitting and computational challenges in posterior
estimation. Skaaret-Lund et al. [45] developed a sparse BNN with latent binary variables and
normalizing flows, improving predictive performance while producing more compact networks. Jantre
et al. [23] proposed two structurally sparse BNNs that prune redundant nodes using spike-and-slab
group lasso and spike-and-slab group horseshoe priors, with computationally tractable variational
inference. Experimental results showed these methods to be competitive in prediction accuracy, model
compression, and inference latency.

—— Prediction

/
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(a) Gaussian prior (b) Gaussian scale mixture prior (c) Horseshoe prior

Figure 1. Predictive performance and uncertainty estimations of BNNs with different priors
in regression for a toy dataset.

Figure 1 shows the predictive performance and uncertainty estimation of BNNs with different
priors for a toy dataset [4]. Blue crosses represent 5000 training samples, solid red lines indicate
median predictions, and shaded regions correspond to +3 standard deviations around the mean,
illustrating posterior predictive uncertainty. Gaussian and Gaussian scale mixture priors tend to
overinflate predictive uncertainty and underfit when data is limited. Under the same conditions,
BNNs with horseshoe priors perform better in the interval [0.5, 0.6], but still underestimate predictive
uncertainty—especially in regions without data. Additionally, because the number of output units is
fixed by the task, sparsity-inducing priors are not appropriate for the output layer [15].

Motivated by these observations, we propose a variational sparse BNN that combines regularized
horseshoe priors and Gaussian scale mixture priors. The proposed model is a multilayer network in
which the weights of the first H layers follow a regularized horseshoe prior, and the remaining layers
use a Gaussian scale mixture prior. The regularized horseshoe prior improves both generalization [15,
40] and feature selection [39], while the Gaussian scale mixture prior—resembling the classic
spike-and-slab prior—has only hyperparameters and does not require updating during optimization,
improving computational efficiency and reducing overfitting [4,39]. Both priors promote sparsity.
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We evaluated our model on regression, image classification, and anomaly detection tasks.
Compared with recent BNN models using different priors, our approach achieved superior predictive
performance, demonstrated stability in regression and image classification, and delivered competitive
results in anomaly detection—where high-quality uncertainty estimates are especially critical.

Our main contributions are as follows:

e We propose a variational sparse BNN with regularized horseshoe priors and Gaussian scale
mixture priors to improve uncertainty estimation and underfitting problems.

e Both priors induce sparsity, preventing overfitting and improving generalization, while enabling
more reliable predictive uncertainty estimates.

e We demonstrate the effectiveness of our model in regression, image classification, and anomaly
detection, showing competitive performance compared with strong baselines.

Paper organization: Section 2 outlines the key components of the proposed model. Section 3
describes the regularized horseshoe prior for sparsity and feature selection, the Gaussian scale mixture
prior and its regularization, and the computational methods used. Section 4 presents the experimental
evaluation. Section 5 concludes the paper.

2. Preliminary

In this section, we first briefly provide a general description of BNNs and then introduce stochastic
variational inference frameworks. Finally, we describe the uncertainty measures of BNNs.

2.1. Bayesian neural networks

Consider a deep fully connected neural network with L layers (L — 1 hidden layers), which is
parameterized by a set of weight matrices § = {W,}" |, where W, is the weight matrix between layer
[ — 1 and layer [ with size K; X K;_;, where K; is the number of hidden units in layer /. We denote the
inputs of the layers by {z;};-,, where z; € RX¥! is the input into layer /, and z is the input layer.

Given N observation data pairs D = {(x,, yn)}nN: \» Where x,, € RP? is a D-dimensional feature vector
and y, € R is the corresponding scalar target variable, a network maps an input x,, to a response f (6, x,,)

T
by recursively applying the nonlinear transformation a(WlT [ZIT, 1] ), where a () is a nonlinearity

activation function for hidden layers, such as rectified linear units (ReLUs), a (x) = max (x,0). Each
target y, can be obtained as y, = f (0, x,) + &,, where g, ~ N (0, 0'2) is an input-dependent Gaussian
noise and o is the variance of noise.

The parameters, 6, of the BNNs with 8 ~ p (6) prior distributions represent the prior belief of their
configuration. Assuming that the observed data are independent and identically distributed, we observe
the training data O, and obtain the posterior distribution over the space of parameters by applying
Bayes’ theorem as follows:
pD16p©)

p(©O
where p (D) = f p(D|6) p(0)dois anormalization constant (or the model evidence) and p (D | ) is

the likelihood function. The posterior distribution captures the most likely network parameters as per
the observed data. For the regression tasks, we have the following Gaussian likelihood:

p@|D) = 2.1)
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N
p@10) = [N (v £ 0.5, 071). (2.2)

n=1
For a multi-class classification task with K classes, given class k € {1,2,---,K}, a softmax

likelihood can be assumed, as follows:

exp (fi (6, x,))

pOn =k | x,,0) = softmax(f (6, x,)) = : (2.3)
Ticr exp (fi (6, x,)
Using Eq (2.1), we can predict the response y* of a new input x* by integrating, as follows:
pO X, D)= fp O 1 f(8,x) p@O]D)de. (2.4)

2.2. Variational inference

In most cases, the true posterior distribution p (6 | D) of BNNs cannot be evaluated analytically,
making an approximation method necessary—variational inference being one of the more widely
used methods. In this approach, we define a simpler approximate posterior distribution g4 (6) =~
p (6| D), with free variational parameters, ¢, and then minimize the Kullback-Leibler (KL) divergence
between the approximating distribution and the posterior—that is, KL [q¢, @1 p@| D)] 1S minimized.
This optimization problem can be solved by stochastic gradient ascent with respect to variational
parameters, ¢.

The minimization of KL [q¢ @1 p@| Z))] is equivalent to the maximization of the evidence lower
bound (ELBO), as follows:

Lv1(9) =~y [logp (D | 0)] + KL[q, 0) 1| p(0)]- (2.5)

model fit regularization

As we can see, the Ly;(¢) in Eq (2.5) consists of two terms: 1) The first term referred to as the
expected log-likelihood, which is a data-dependent model fit term, encourages g, (6) to fit the observed
data well by choosing the variational parameter ¢. 2) The second term referred to as prior KL acts
as regularization, encouraging g, (6) to be similar to the prior p (6) and preventing the model from
overfitting.

Variational inference thus performs approximate Bayesian inference by maximizing the ELBO. It
has been successfully applied to estimate weight distributions in neural networks. However, because
neural network weights have highly complex functional forms, the expected log-likelihood term in the
ELBO cannot generally be computed analytically.

To address this, the reparameterization trick is often employed. This technique enables the
computation of unbiased stochastic gradients of the ELBO with respect to the variational parameters,
¢, converting the problem into a standard stochastic gradient ascent optimization.

2.3. Uncertainty estimation and calibration metrics

When we find an approximate posterior distribution, g4 (¢), by minimizing the KL divergence to the
true model posterior, p (6 | D), we can replace the true posterior with the approximating distribution in
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Eq (2.4) as follows:
pO X, D)~ fp(y* | £(0,x7))q4(6)d6. (2.6)

Equation (2.6) is difficult to compute because of integration; therefore, we approximate the integral
using Monte Carlo (MC) sampling as follows:

1 T
PO 1. D) = Eyany [p 07 | 0] ~ = 3 p (v 1 £ (6.x")). @.7)
t=1

where {0,} 1 is randomly drawn from the approximate distribution, g, (6), using sampling 7.
Uncertainty in the weight induces prediction uncertainty [24]. Typically, uncertainty measures are
used. A simple measure is the probability of the predicted class k or the maximum probability [34,35]:

maxp (v =y | X . (2.8)

This is the maximum value of the softmax output and is a measure of confidence in the prediction. We
also compute the mean standard deviation (mean STD) as a proxy for uncertainty:

o = \/Eq(e) [P O =k| X*,Q)z] ~Euo[p(* = k| .0, (2.9)

where o (x) = %Zak, or compute the predictive entropy (max entropy) [13]:
k

H[y | ¥, D] = Z[ D>p( =kl f(8x ]log( Dol =kif@.)| @10

t=1 t=1

BNNs can naturally produce well-calibrated uncertainty estimates. However, assessing the quality
and reliability of these estimates within a Bayesian framework is challenging, as there is no ground
truth for uncertainty [8]. To address this, various calibration metrics have been proposed. In this work,
we use the negative log-likelihood (NLL) and the expected calibration error (ECE) [3] to evaluate the
performance of different uncertainty estimation approaches.

3. Methodology

In this section, we describe the specific prior distributions used in our model. We first introduce
the principle of parameter shrinkage in the horseshoe prior and then describe the Gaussian scale
mixture prior along with its regularization mechanism. Next, we explain how hierarchical variational
inference is applied to learn the parameters of the proposed model. Finally, we present two
practical parameterization methods necessary for using a regularized horseshoe prior—namely, half-
Cauchy reparameterization and weight non-centered parameterization—followed by our variational
approximation choices and a summary of the entire model process.
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3.1. Weight shrinkage with a horseshoe prior
Let w;;; denote the element of the i-th row and j-th column of the weight matrix W; and assume that
each weight is conditionally independent. The horseshoe prior [5] can be described as follows:

wija | Tjnvr ~ N (0,757 ) 70 ~ €7 (0, bo) vy ~ C* (0, b)), (3.1)

Jjl

where a ~ C* (0, b) is the half-Cauchy distribution with density p(a|b) = , (a>0), v, is

2
m(1+(3))
the global shrinkage parameter, and 7 is the local shrinkage parameter. The plots of the heavy-tailed
priors are shown in Figure 2. The density function of the horseshoe prior (Figure 2(a), dashed lines)
exhibits Cauchy-like, flat, heavy tails while maintaining an infinitely tall spike at zero. The heavy tails
allow important weights to remain large, while the tall spike strongly shrinks to small weights toward
zero. These two properties make the horseshoe prior particularly effective as a shrinkage prior for
sparse modeling problems.

10
54 """ Horseshoe prior
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Figure 2. Plots of heavy-tailed priors.
To better understand the model, we assume v; = by = b, = 1, and define «;; = —L € [0,1]. «;

1+72
Jjl
is the shrinkage coefficient and is the amount of weight that the posterior mean for w;;; places on zero
once the data y; have been observed:

T2- 1
E if is 2 = —jl i+ 0: 1— j is 32
(Wj’lly Tﬂ) [1+T§,]y [1+72) ( Kﬂ)y (3.2)

Jjl

where 7;; ~ C* (0, 1), and it yields a beta prior to the shrinkage coefficient—that is, k; ~ Be (%, %)
Figure 2(b) plots the density of ;. Based on the above assumptions, Eq (3.1) can be written as:
wiji | kjp ~ N(O I_Kj’). When «; = 0, we have p(wij,l | kj = O) = U (—o0, co)—that is, no shrinkage

o
or regularization for w;;;—and when k;; = 1, we have p (wi il k= 1) =0 (wi = 0) (6 (+) as the Dirac
delta function)—that is, shrinkage for all w;;;.

The global shrinkage parameter, v;, tends to shrink all weights in the layer, while 7 reduces the
shrinkage of the weight associated with the input feature, z;;. Consequently, the horseshoe prior can

select certain features of the input vector z;, while others are ignored.
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3.2. Regularized horseshoe prior

Theoretically, this property of the horseshoe prior is desirable. In practice, when the training data are
limited, some weights with no shrinkage produce larger values, adversely affecting the generalization
performance of BNNs. To address this problem, we used a regularized horseshoe prior [40] that can
be expressed as follows:

2.0\ 2 627?1
Wil T v, ¢~ N(O,Tﬂvl),‘rﬂ =—,
+ 1 (3.3)

c? ~ Inv — Gamma (Cascp) s Tj ~ CT(0,bg), v ~ C* (0, bg),

where Inv — Gamma (c,, c;) is the inverse gamma distribution with density p (¢) o ¢ lexp (—c;/c)
for ¢ > 0 and c acts as a weight decay hyperparameter [15]. When the weight shrinks, we have T?lvlz <
¢*,73 — T3], Subsequently, Eq (3.3) is equivalent to Eq (3.1). When the weight unshrinks, 75,07 >
Czj?z = A wiyg | T use ~ N(O, cz) . We can adjust the weight by placing a Inv — Gamma (c,, cp,)
prior to ¢, where ¢, and ¢, are hyperparameters. Therefore, the regularized horseshoe prior has better

generalization performance than the horseshoe prior [15].

3.3. Gaussian scale mixture prior

The Gaussian scale mixture prior [4] is composed of two Gaussian distributions:
Wijie ~ PlN(O, O'f) +(1- pl)N(O, 0%), (3.4)

where w;j, is the element of the i-th row and j-th column of the weight matrix, W, and O'% and 0'%
are the variances in the mixture components. In practice, we need to make o; > o such that this
prior has a heavier tail than a plain Gaussian prior, and 0, < 1 to ensure this prior has a tall spike
at zero. The Gaussian scale mixture prior resembles a spike-and-slab prior, and its density function
is shown in Figure 2(a) (solid lines). This prior shrinks the weights by probability. p; € [0, 1], o,
and o, are hyperparameters, so we can set the values or use a hyperparameter optimization technique
to adjust them to make it easier for the prior to use stochastic gradient descent and effectively prevent
overfitting.

3.4. Half-Cauchy re-parameterization and weight non-centered parameterization for hierarchical
variational learning

Direct parameterization of the half-Cauchy prior in Eq (3.3) leads to a high-variance gradient in
the VI for BNNs. To avoid this problem, we used the auxiliary variable distribution parameterization
method [14, 15,29] to parameterize the half-Cauchy distribution, as follows:

11 11
+ 2
~ ~ Inv — — = ;A ~1Inv - = =] .
a~C"(0,b)sa | A~ Inv Gamma(z,/l),/l nv Gamma(z,bz) 3.5
This avoids the challenge that standard exponential family variational approximations struggle
to capture thick Cauchy tails, whereas a Cauchy approximating family leads to high variance
gradients [15].
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Figure 3. Overall framework of the proposed method. The prior of the weights of the first
H (1 < H < L) layers is given by a regularized horseshoe prior, and the other layers are given
by a Gaussian scale mixture prior.

Considering generality, a BNN with L layers, the prior of the weights in the first H(1 < H < L)
layers is given by a regularized horseshoe prior distribution, and the remaining layers are given by a
Gaussian scale mixture prior. The overall framework of the proposed method is illustrated in Figure 3.
We use a parameter set, 6, which constitutes all the parameters, as follows:

o},

where W = [W,,W,],1 <[ < H,and H < { < L. Combined with Eqgs (3.3)—(3.5), the prior of 6 is then
given by:

H
=1 =1’

6 = {W c, {le}H Avhil ,{/1/1}

H L
p(6) =p(clcacp) n p (Wl, T, U, Ajis 191) 1—[ p Wy, (3.6)
I=1 (=H+1

where
p(Wz,Tﬂ, Uz,/ljz,ﬂz) =p @ |9)p @) | | p (sz | /ljl)p(/ljl) | | N<Wij,l 10, 7?;‘“12)’
j i

11 11
P(sz | /lﬂ) = Inv — Gamma (5’ /l_ﬂ) P (/lﬂ) = Inv — Gamma (5’ ﬁ) ,
0

11 1 1
p | 9) = Inv - Gamma (E, E) ,p (%)) = Inv — Gamma (5, b_g)’
p(W[) = nplN(Wij,[ | 0, 0'%) + (1 — pl)N(Wij,[ | O, 0'%) .
ij

In the regularized horseshoe prior, the weight, w;;;, and scale, 7;v,, have a strong correlation. This
correlation produces good sparsity and gives the posterior distribution of the parameters a pathological
funnel-shaped geometry [20], which is difficult to sample or approximate reliably. The use of non-
centered parameterization [15, 20] helps alleviate this issue. For Eq (3.3), the re-parameterization
weight is
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Biji ~ N0, 1),w;j; = TjviBiji. (3.7)

Hernandez et al. [17] showed that adopting a non-centered parameterization could significantly
improve the posterior approximation quality of BNNs, and that non-centered parameterization leads to
a simpler posterior geometry.

3.5. Variational approximation choices

The choice of an approximate posterior distribution significantly affects the inference quality. We
employed a fully factorized approximation, which is the simplest and most effective approximation

method:
gy (0) = l_[ e (Wij,l | 751, Uz) 1_[ 9y (sz) 9o (/1,/1) 1—[ qo V1) gy (91) gy (We) . (3.8)
ijil il 1
For the non-negative shrinkage parameters, 7;; and v;, we use a log-normal distribution approximation
to the posterior—that is, g, (logT j[) =N (,uTﬂ, 0'%/_1) and g, (logv)) = N (,uw, al%l)—which allows us to
compute the KL divergence in closed form [15]. The log-likelihood, logp (D | 8), does not depend
on variables A and ;. Thus, they do not need to impose distributional constraints on the variational

approximation. The optimal approximations, g, (/l ﬂ), follow the inverse gamma distributions. We can
calculate the necessary fixed-point updates for A; [14, 15], as follows:

q (/lﬂ) = Inv — Gamma (/lﬂ | 7, s) ,
1 (3.9

+ =.
2
bO

Tﬂ

r=1,s=E

Since g, (logrﬂ) = N(,uTﬂ,O'%j/), it follows that E[Tlﬂ] = exp{—,uTﬂ + 0.50'3_”}. Then, A; can be
calculated by the fixed-point updates conditioned on ., and 0'3/_/. The estimates of u., and 0'3/,[ are
given by the fixed point updates after each Adam step. We can use the same method to update parameter

.

Algorithm 1 A variational sparse Bayesian neural network with regularized horseshoe priors and scale
mixture priors
Input: Training set O, model p (), variational approximation g, (6), hyperparameters.
Output: Variational parameters ¢.
1: Initialize variational parameters ¢.
2: Sample € ~ N (0, 1).
3: Calculate Ly, (¢) using Eq (2.5), and combine with Eq (3.6) and Eq (3.8).
4: for iteration 7 do

5:  Update ¢,y ug,;» 0p,;, < Adam — Optimizer (q¢ (0)) for layer [.

6: Update ¢,,.,,, ¢Pw,-,-,f «— Adam — Optimizer (q¢ (9)) for layer ¢.

7: for layer / do

8: Conditioned on ¢, ¢,,, update ¢,,, ¢y, using fixed-point updates Eq (3.9)
9: end for

10: end for
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Based on Eq (3.7), parameterize the approximate distribution g, (wi i T v,) =
N (? VI T jlv,oﬁl_j’l), where Bi;; ~ N (,Uﬂijvl, o%iﬂ). The approximate posterior distribution of
We is gg (We) = TT;j N (.- 02,,,) in layer €. The probability distribution of the weight, w;;, can be
learned using the Bayes by Backprop algorithm [4]. w,,., and p,, , are variational parameters, where
Tije = log(l + exp (,OW,-,-,[)). Combined with the techniques of VI, we fit the variational posterior
g4 (). This procedure is summarized in Algorithm 1. There are six parameters ¢, by, ;> p,» Pay
and ¢y, to be updated for layer /, and two parameters ¢,,., and (pf’ww that need to be updated for layer £.

4. Experimental results

In this section, we demonstrate the effectiveness and superiority of the proposed model through
a series of experiments. Regression and classification experiments were performed on synthetic
toy datasets and widely used UCI benchmarks. We then performed ablation studies to validate the
contributions of each component in our model. Finally, we evaluated the performance of our model
on anomaly detection tasks. We ran the experiments on a system equipped with a 16 GB GPU and an
AMD Ryzen 5900HX CPU. All the experiments were implemented using the PyTorch framework.

4.1. Experimental settings

Training settings. Following previous studies [4, 19], we used the regularized horseshoe prior in Eq
(3.3) with —logc, = 0, —logc, = 6, and by = b, = 1. The Gaussian scale mixture prior in Eq (3.4)
used p; = 0.25, —logo, = 0, and —logo, = 6. We used ReLLU activation and an Adam optimizer with
a weight decay of 0.01. The learning rate was set to 1072 for the UCI dataset regression, and 10~ for
the UCI dataset classification. In the other experiments, we used a learning rate of 10~* and p; = 0.5.
For the classification and anomaly detection tasks, the training and test batch sizes were set to 128 and
100, respectively. We scaled to initialize weights, according to [27].

Moreover, the prediction and uncertainty estimation performances of the proposed method are
affected by the combination of priors. We found that the H = L — 1 in Eq (3.6) obtained better
results than the other combinations for these simple architectures. See the ablation study section for a
relevant discussion.

Baseline methods. Our model is inspired by a BNN with a Gaussian scale mixture prior (GSM-
BNN) [4], and a BNN with a horseshoe prior (HS-BNN), which establishes these two approaches as
natural baselines. We also compared MC-Dropout, a widely adopted technique in computer vision
owing to its simple implementation. The subnetwork-linearized Laplace BNN (SLL-BNN [10]), a
universal framework for scalable Bayesian deep learning, has demonstrated well-calibrated prediction
uncertainty. Adversarial a-divergence minimization (AADM [42]) is a novel approximate Bayesian
inference method that achieves competitive performance in both regression and classification tasks.
The Riemannian BNN (Riem-BNN [3]) addresses the practical limitations of existing methods by
adapting them to posterior geometry through a Riemannian metric derived from the log-posterior
gradient. Automatic relevance determination (ARD-BNN [9]) employs a sparsity-inducing prior to
automatically prune redundant parameters. In addition, the spike-and-slab group horseshoe (SS-
GHS [23]) prior is used to model compression in BNNs and exhibits strong predictive performance.
We compared the proposed method to these methods. All baseline methods and the proposed method
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were trained under the same experimental settings with the same dataset split.

4.2. Regression task
4.2.1. Toy regression dataset

First, we performed a synthetic data experiment [4, 14, 15] on the regression tasks. Specifically,
we used a toy dataset. Based on the work of [4], we consider a noisy regression problem: y = x +
0.3sin(2r (x + €)) + 0.3sin(4n (x + €)) + €, where € ~ N (O, 0.022). We sampled 5000 inputs, x, from
uniform distribution, x € U [0, 0.5]. In this experiment, we used an MLP model with two hidden layers
of 800 units each (inputs-800-800-outputs). We compared our model with baseline methods. The
resulting predictive distributions made by each method on a toy dataset are shown in Figure 4.

\\\\\

01 00 01 02 03 04 05 06 07 08 ~ 02 03 04 05 06 07 -01 00 01 02 03 04 05 06 07

(a) MC-dropout (b) SS-GHS (c) AADM-BNN

01 00 01 02 03 04 05 06 07 08 01 00 01 02 03 04 05 06 07 og oI 00 01 02 03 04 05 06 07 08

(d) Riem-BNN (e) ARD-BNN (f) Ours

Figure 4. Predictive distributions made by each method.

From Figure 4, we can see that all methods have good predictive performance (red solid lines) on
the training data in U [0, 0.5], but poor predictive performance in the interval [0.6,0.8] without data.
The proposed model is closer to the true model for x in [0.5, 0.6]. BNNSs tend to be uncertain in the
absence of data. In uncertainty estimations, the baselines lead to an over-inflated predictive uncertainty
in the intervals [-0.1, 0] and [0.6, 0.8], and our method appears to be more reasonable than the baseline
methods. Moreover, the proposed method combines the advantages of the regularized horseshoe prior
and Gaussian scale mixture prior to bring the weight posterior closer to the prior and provides a realistic
predictive distribution that is better than other methods in both fitting and predictive uncertainty. These
results indicate that the proposed method is effective and exhibits better performance.

4.2.2. Experiments on UCI regression datasets

In this subsection, we evaluate the predictive performance of our model on benchmark UCI datasets
that are widely used in real-valued regression tasks.
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Following the experimental protocols of [14, 15], for smaller datasets, we created a training set
using 90% of the data, and the remaining data were used as the test set. This process was repeated 20
times. Because the data magnitudes differed significantly, each dataset was normalized such that the
input features and targets had zero mean and unit variance. The prior for the noise precision, y, in Eq
(2.2) is the gamma distribution—that is, p (y) = Gamma (6, 6). In this experiment, we used a neural

network with one hidden layer of 50 units and the batch size for training was set to 64.

Table 1. Average test RMSE and standard errors for the UCI regression datasets. Bold
indicates the best results.

Dataset  MC-Dropout GSM-BNN [4] HS-BNN[14] SS-GHS[23] SLL-BNN[10] AADM-BNN[42] Riem-BNN[3] ARD-BNN[9] Ours

Boston  291+027 428+0.88 320060  292+062 297+0.19 294+032 291+0.18 290£026 290 +0.20
Concrete 4.92+031 872 +0.66 546055  547+044 5231012 498 +0.13 4.86 +0.38 4.82+035 4.81 + 0.46
Energy 1412006 3.04+036 190£024  1.69+£0.10 1.66+0.04 152+£0.11 1.63+£0.18 159+ 0.24 137+ 038
Kin8nm 0.06+0.00  0.09 +0.00 0.07+0.00  0.07+0.00 0.10+0.00 0.06 +0.00 0.07+0.00 0.07+£0.00  0.06+0.00
Naval ~ 0.00+0.00 0.00+0.00 0.00+0.00  0.00+0.00 0.00+0.00 0.00 + 0.00 0.00 + 0.00 0.00£0.00  0.00+0.00
Power  370+0.10 439+0.18 403+0.16 3931002 4.02+0.04 3.97+0.05 393+0.14 3.92+0.12  3.69+0.15
Wine 0.61+0.01 0.65+0.04 0.68+0.04 064+0.03 0.62+0.01 0.63 +0.11 0.64 +0.03 0.63 £ 0.03 0.81+0.05
Yacht 0971033 621+243 163+1.12  1.19+041 1.01+0.09 118 £0.14 1.16 £0.15 L12+0.14  0.94+0.39

Table 2. Average test log-likelihood and standard errors for the UCI regression datasets.
Bold indicates the best results.

Dataset ~ MC-Dropout ~ GSM-BNN[4] HS-BNN[14] SS-GHS[23]  SLL-BNN[I0] AADM-BNN[42]  Riem-BNN[3] ARD-BNN[9]  Ours
Boston ~ -241+0.15  -349+0.03 251012 251£021  -24620.06 2514024 -2.50+0.03 -249£0.16 -247£0.19
Concrete  -3.12+0.04  -392+0.02 391002 -302£005  -3.04£0.02 -3.08£0.07 3141002 -3.10£0.09 -3.00 + 0.16
Energy  -212£000  -337£0.00 214+005  222+001  -1.99+0.02 -2.08 +0.01 -223£0.00 -2.12+0.03 -1.99 +0.01
Kinnm  125+000  034+0.00 124+ 0.03 1222003 095£0.01 129£0.02 1.34£0.00 1.35£0.03 123£0.01
Naval 591£000  3.96+0.00 5.21+0.00 548+000 380001 6.07 +0.08 396+ 0.00 458 £0.18 5.22+0.00
Power 283002 -3.80£0.00 285003 287003 -280+0.05 -2.88£0.02 -2.87£0.00 -2.83£0.04 -2.80 + 0.03
Wine 098+0.14  -1.04£0.03 260004 -193£023  -0.93£0.01 097£0.32 -0.95 £ 0.04 -0.94+0.03 -171£0.02
Yacht 1712003 -4.09£0.05 257017 2524002 -155+0.03 177001 -1.58 £ 0.04 -1.56 +0.03 -242£0.01

The average RMSE and standard errors of the UCI regression are listed in Table 1. It can be seen
that the performances of GSM-BNN and HS-BNN were the worst on the eight datasets, whereas the
performances of the other methods were very similar. Our model provided a lower RMSE in seven
of the eight datasets compared with the baselines. In addition, all the models performed well on large
datasets such as ‘Naval’ and ‘Power’, whereas on small datasets such as ‘Boston’ and ‘Yacht’, the
performance of each model showed inconsistent results. Our model yielded satisfactory experimental
results for various datasets.

The average test log-likelihood and standard errors for the UCI regression are shown in Table 2.
It can be observed that SLL-BNN outperformed the other baseline methods on ‘Wine’ and ‘Yacht’,
ARD-BNN yielded satisfactory results for Energy, and AADM-BNN achieved the best predictive log-
likelihood on ‘Naval’. In addition, our method performed better than the baselines on the other four
datasets. The regularized horseshoe prior can effectively select important features for prediction and
severely shrink weights that are irrelevant to features, whereas the Gaussian scale mixture prior has the
effect of regularization. These are crucial for avoiding overfitting and obtaining an accurate estimate of
predictive uncertainty. These results further confirm the proposed method’s effectiveness and its good
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predictive and generalization performances.

4.3. Classification task
4.3.1. Toy classification dataset

Following [3], we consider a toy classification problem for the banana dataset. We trained the
baseline models with two hidden layers, with 16 hidden units per layer. We compared our method with
the baselines. Figure 5 shows the binary classification confidence estimates for various methods. It
can be observed that the baseline methods have high uncertainty both within and away from the data
support. Our method shows better confidence because it only has higher uncertainty at the decision
boundaries, which decreases outside of the data support.

(a) MC-Dropout (b) SS-GHS (c) AADM-BNN

(d) Riem-BNN (e) ARD-BNN (f) Ours

Figure 5. Classification confidence estimates on the banana dataset.

.
|“ |‘ ||

10 s

LLLLLL

nnnnn

oo -075 -050 -025 000 025 050 075 1
wwwwww viegnt

Figure 6. Posterior weight distributions of the GSM-BNN (top), HS-BNN (middle), and our
method (bottom).

AIMS Mathematics Volume 10, Issue 9, 21929-21952.



21943

We further inspected the histograms of the posterior weight distributions per layer of the banana
dataset. These weight distributions are shown as histograms in Figure 6. The figure shows that the
weight distributions of the first and second layers of the GSM-BNN are dense, and the third layer shows
a clear separation into two groups. The histogram corresponding to the HS-BNN shows sparse patterns,
and there are two well-separated groups in the weight distribution of the first layer. This is more evident
in the proposed method. It is evident that the horseshoe prior exhibits a more significant shrinkage of
irrelevant weights. Moreover, our method generates more complex approximate posterior distributions
and well-separated groups in the weight distribution of the first layer. These results indicate that the
proposed model with regularized horseshoe priors is better suited for feature selection than the other
models.

4.3.2. UCI classification datasets

We compared our method with the baselines on a set of six UCI classification datasets using a fully
connected network with three layers, 60 hidden units per layer, and ReLLU activation. The predictive
distribution was estimated using MC sampling with 10 draws from the approximate posterior of each
approach. In Table 3, we compare the methods in terms of their mean accuracy and standard error on
the test set.

From the results in Table 3, we see that our method performs better than all the baseline methods
on four datasets. The performances of the AADA-BNN on EEG and HS-BNN on Ionosphere were
slightly better than those of our method. These results indicate that the proposed method has strong
predictive and generalization performance.

Table 3. Average classification accuracy (%) for UCI classification datasets. Bold indicates
the best results.

Method EEG HTRU_2 Magic Miniboo Ionosphere WDBC

MC-Dropout 77.59 £ 1.3 97.84£0.22 8720+035 9354+0.13 87.61+5.70 95.31 +2.81
GSM-BNN [4] 76.28 + 1.8 97.84 £0.29 8350+0.66 92.03+0.32 80.06+5.83 93.85+3.17
HS-BNN [14] 78.11 £2.8 9797 +0.21 87.17+0.69 9355+0.21 88.61 +6.24 94.19 +2.89
SS-GHS [23] 76.16 £ 1.2 97.64 £0.19 8697 +041 9283+0.12 8642+647 9549+192
SLL-BNN [10] 75.77 £2.2 97.83 £0.27 83.65+0.81 92.15+0.20 82.64+6.34 93.85+3.17
AADM-BNN [42]  78.66 + 2.7 9798 £0.24 8581051 9343+0.17 81.76+£6.03 94.56 +2.28
Riem-BNN [3] 7852 +24 9788 £0.22 86.71 £0.63 9344 +0.11 8590+5.65 94.84 +£2.37
ARD-BNN [9] 78.60 + 1.6 9796 £0.21 87.03+£0.65 9349+0.20 86.70+541 94.41+2.03
Ours 7848 £1.93  98.00 £ 0.10 87.21+0.42 93.58+0.16 8547+694 95.61 +2.74

The ECE and NLL are commonly used measures to assess the quality of uncertainty estimation in
models. Tables 4 and 5 list the results of the average tests ECE and NLL, respectively. It can be seen
that our method consistently performs better than all the baselines in terms of ECE, indicating that our
approach produces better calibrated uncertainty estimates. In terms of NLL, we observed that only on
the EEG dataset was our method not optimal; on all other datasets, it achieved better results than the
baselines. These results indicate that the proposed method provides both good classification accuracy
and excellent uncertainty estimation performance.
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Table 4. Average test ECE for UCI classification datasets. Bold indicates the best results.

Method EEG HTRU_2 Magic Miniboo Ionosphere WDBC

MC-Dropout 0.175 £0.022 0.053 £0.020 0.080 +0.002 0.013 £0.001 0.192 +£0.025 0.163 +0.024
GSM-BNN [4] 0.212 £ 0.020 0.062 +£0.020 0.088 +0.007 0.013 +0.002 0.193 +£0.051 0.170 + 0.039
HS-BNN [14] 0.175 £ 0.030 0.060 +=0.017 0.078 £ 0.007 0.014 +0.004 0.198 +£0.033 0.172 + 0.027
SS-GHS [23] 0.178 £ 0.022 0.055 +£0.027 0.084 +0.008 0.015 +£0.002 0.192 +£0.034 0.167 = 0.019
SLL-BNN [10] 0.199 £ 0.025 0.050 £0.015 0.081 +£0.005 0.014 +0.003 0.193 +£0.051 0.170 + 0.039
AADM-BNN [42] 0.175 £0.031 0.057 £0.014 0.085 + 0.008 0.015 +0.004 0.209 + 0.048 0.166 + 0.023
Riem-BNN [3] 0.181 £ 0.029 0.057 £0.012 0.086 + 0.016 0.016 £0.003 0.200 + 0.042 0.167 = 0.020
ARD-BNN [9] 0.177 £0.021 0.052 £ 0.015 0.082 = 0.006 0.013 +£0.003 0.195 +£0.039 0.164 + 0.025
Ours 0.173 + 0.024 0.050 = 0.012 0.078 + 0.004 0.012 + 0.003 0.191 + 0.037 0.162 + 0.028

Table 5. Average test NLL for UCI classification datasets. Bold indicates the best results.

Method EEG HTRU_2 Magic Miniboo Ionosphere WDBC
MC-Dropout 3425 +£0.265 0.335+0.036 2.274 +0.137 1.065 +0.032 2.432 0.742 £ 0.34
GSM-BNN [4] 3.781 +£0.288 0.345+0.046 2.631+0.105 1.271 +£0.051 3.178 £0.929 0.981 + 0.505
HS-BNN [14] 3.490 +0.444 0.323 £0.033 2.046 £0.108 1.029 +0.034 2.816 +0.995 0.927 + 0.460
SS-GHS [23] 3.775 £0.223  0.338 £0.037 2.161 +£0.181 1.092 +£0.020 2.864 £0.934 0.759 + 0.306
SLL-BNN [10] 3.863 £0.349 0.347 £0.043 2.606 + 0.129 1.252 +0.031 3.122+£0.901 0.981 + 0.505
AADM-BNN [42] 3.402 + 0.427 0.322 +0.039 2.261 £0.081 1.047 £0.028 2.908 +0.962 0.868 + 0.363
Riem-BNN [3] 3.529 +0.433 0.324 £0.041 2.202 +0.103 1.083 +0.030 2.976 +0.940 0.824 + 0.375
ARD-BNN [9] 3.503 £0.420 0.322 £0.034 2.199 +0.096 1.032+0.033 2.857 +£1.005 0.799 +0.442
Ours 3.430 +£0.308  0.319 = 0.031 2.038 + 0.068 1.024 + 0.027 2.317 +1.106 0.699 + 0.437

4.4. Ablation study

In this subsection, we discuss an ablation study conducted to investigate the impact of

different combinations of prior distributions on model performance, and sensitivity analysis of the
hyperparameters involved in the model, such as parameter H, layer-specific global shrinkage parameter
b, etc.
Impact of prior order and H. To analyze the effect of the combination order of the two prior
distributions and the parameter H on model performance, we used three neural networks with 400,
800, and 1200 hidden units, respectively. We considered a network with L(L = 3,4,5) layers and
conducted image classification experiments on the FashionMNIST dataset. Figure 7 shows the results
for different network structures and values of H.

First scenario: the weights of the first H (1 < H < L) layers were given a Gaussian scale mixture
prior, and the remaining layers a regularized horseshoe prior. The case H = 0 corresponds to all
weights using a regularized horseshoe prior, while corresponds to all weights using a Gaussian scale
mixture prior. As shown in Figure 7(a), the accuracy of all structures decreased as the number of
Gaussian scale mixture prior layers increased. The performance of the BNNs with both Gaussian
scale mixture priors and regularized horseshoe priors was worse than that of the BNNs using only
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regularized horseshoe priors or only Gaussian scale mixture priors. Consider the second scenario:
the weights of the first H (1 < H < L) layers were assigned a regularized horseshoe prior, while the
remaining layers were assigned a Gaussian scale mixture prior. H = 0 represents the prior of the
weights given by the Gaussian scale mixture prior and H = L(L = 3,4,5) represents the priors of the
weights given by a regularized horseshoe prior. It can be observed that the accuracy of all structures
increased with an increase in the number of layers H of the regularized horseshoe prior. Among all the
network structures used, the model has the best classification performance when H = L — 1. Moreover,
using the regularized horseshoe prior in the first H layer proved to be more effective than using the
Gaussian-scale mixture prior. Increasing the number of layers using a regularized horseshoe prior can
improve the performance of the model. These results demonstrate that the proposed method is effective
and achieves a good performance.
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Figure 7. Impacts of different combinations of the two priors and parameter H on the
FashionMNIST.

Impact of hyperparameters. We conducted all ablation study experiments using a 3-hidden layer
fully connected neural network with 800 hidden units per layer. The prior of the first H layers is given
by a regularized horseshoe prior. Figure 8(a) shows the impact of the parameter H and hidden units
on the inference times. As H increases, the model inference times decrease, whereas the more hidden
units there are, the longer the inference time.

The regularized horseshoe prior provides severe shrinkage toward zero for small weights. However,
owing to the presence of noise, the shrunken weights are never actually zero [15]. Figure 8(b) shows
the test accuracy versus the percentage of weight removed. The weights of each network were ordered
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by signal-to-noise ratio (SNR) [4] and then removed based on a threshold. The SNR is defined as
|u,-.,-,,| [oiji < ¢, where |,u,- j,1| is the absolute value of the posterior mean of weight w;;;, oj; is the
posterior standard deviation, and ¢ is a positive constant. When the SNR holds, we remove the
weights; that is, we set them to zero. To determine the sparsity of the network, we examined the
effect of setting the variational posterior of some of the weights to zero. The GSM-BNN and HS-
BNN methods are compared. Many network weights can be successfully pruned without significantly
affecting performance. At least 94% of the weights were removed before there was a catastrophic
decrease in the test accuracy for the GSM-BNN; the figures were 97% for the HS-BNN, and 98% for
our method. Sparsity-inducing priors encourage a broad spread of weights, and using the SNR to prune
proved to be highly effective. After training using the weight-pruning approach, we obtained a smaller,
sparser network for the prediction.

We conducted sensitivity analysis on the number of samples 7" in Eq (2.7), by, b, in Eq (3.3), and
p1 in Eq (3.4). Figures 8(c)—8(e) show the analysis results for these parameters. The inference time
increased with the number of MC samples 7', and the accuracy curve for the test set first increased
and then decreased. When T = 30, the accuracy was highest. This indicates that we need to balance
accuracy and inference time when choosing 7. The model performs best when both b, and b, are —9.
In Eq (3.4), when p; = 1, the weight prior follows a Gaussian distribution, and the model performance
is poor. When p; = 0.5, the model’s performance is best.
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Figure 8. Sensitivity analysis of some key parameters.

4.5. Anomaly detection

In this subsection, we evaluate the performance of the proposed Bayesian model for anomaly
detection tasks. The objective of anomaly detection is to identify out-of-distribution (OOD) data,
using a classifier trained solely on in-distribution data [35]. When the OOD samples in the test set
differ from the training set, machine learning classifiers often assign high-confidence predictions to
anomalous inputs. Consequently, most anomaly detection methods rely on classifier output uncertainty
as an indicator for OOD detection [35]. BNNs have proven effective for anomaly detection because
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they yield more reliable uncertainty estimates than deterministic DNNs, which produce only point
estimates. Hendrycks et al. [16] provided benchmarks for anomaly detection. Krueger et al. [26]
demonstrated that BNNs outperform deterministic neural networks in this context. A well-calibrated
BNN should express higher uncertainty for OOD inputs, enabling more accurate detection.

We used three widely known image -classification datasets—CIFAR-10, CIFAR-100, and
SVHN—as in-distribution training sets. A fully connected network with four hidden layers (H = 3)
and 800 hidden units per layer was trained. During testing, inputs included both in-distribution and
OOD data. For OOD examples, we used real images and synthetic datasets (random Gaussian noise)
following [16]. Model predictions were converted into OOD scores using the maximum probability
(Eq (2.8)) and entropy (Eq (2.10)) metrics. In-distribution data were treated as negative examples,
while OOD data were treated as positive examples.

Performance was assessed using the area under the receiver operating characteristic curve (AUROC)
and the area under the precision—recall curve (AUPR). The ROC curve plots the true positive rate
against the false positive rate and represents the probability that an anomalous example has a higher
detector score than in-distribution data. Higher AUROC values indicate better detection performance.

Table 6. Image datasets anomaly detection for entropy.

In Out MC-Dropout  GSM-BNN [4] HS-BNN [14]  SS-GHS [23] SLL-BNN [10] AADM-BNN [42] Riem-BNN [3] ARD-BNN [9] Ours
AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR
Gaussian ~ 97.54 89.57 9232 93.12 67.97 9450 9855 9322 8487 9470 99.03 94.81 96.79 76.84 9556 84.31 99.23 95.18
CIFAR-10 CIFAR-100 6293 33.12 5842 21.11 63.04 2125 6042 21.65 5759 2125 5726 2099 6128 2230 6153 2196 5588 22.16
SVHN 69.72 2254 67.58 3224 7427 38.67 7302 3258 69.00 38.67 70.10 3393 7378 33.09 71.00 2922 7094 34.01
Gaussian ~ 96.52  97.17 92.09 41.76 8227 99.41 99.73 97.63 80.01 32.80 99.56 97.97 9884 89.57 99.73 98.10 99.73 99.94
CIFAR-100 CIFAR-10 56.94 1834 57.89 1829 60.13 1949 5732 1938 57.54 1695 5744 19.21 59.03 19.54 59.00 19.16 57.53 19.85
SVHN 61.57 2547 6196 21.19 68.89 3188 67.53 2035 59.27 1984 6925 2091 74.05 33.12 69.02 26.84 7232 34.06
Gaussian 8027 71.53 8145 6405 8093 4790 90.39 62.17 79.02 6431 8541 63.61 90.20 6331 91.09 6231 87.78 64.14
SVHN  CIFAR-10 52.89 36.84 67.85 2943 58.08 2841 7169 2685 67.02 31.60 6868 3134 7193 2924 7519 30.60 69.84 32.79
CIFAR-100 5440 39.48 69.34 3155 6038 2874 7290 29.03 6799 3535 70.11 3408  72.14 2930 76.62 3435 70.69 35.62

Table 6 presents the anomaly detection results using entropy-based scores for CIFAR-10, CIFAR-
100, and SVHN. Our method achieved consistently strong performance, outperforming baseline
approaches across all three datasets. When Gaussian noise was used as OOD data, all models achieved
high AUROC and AUPR values. However, the AUPR values dropped noticeably when the in- and out-
of-distribution datasets were CIFAR-10 and CIFAR-100 (in either order), likely due to their similarity.
Overall, the results show that our BNN approach is effective and competitive with, or superior to,
baseline methods.

Table 7. Image datasets anomaly detection for maximum probability.

In Out MC-Dropout  GSM-BNN [4] HS-BNN [14]  SS-GHS [23] SLL-BNN [10] AADM-BNN [42] Riem-BNN [3] ARD-BNN [9] Ours

AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR AUROC AUPR

Gaussian ~ 96.64 78.64 89.03 6853 68.03 94.81 9558 8345 8055 84.04 96.79 8472 9568 7875 94.66 8341 9574 8482
CIFAR-10 CIFAR-100 6241 21.30 5257 2279 6222 2099 6155 2124 5802 2156 5579 2090 6047 21.04 60.51 2037 57.11 2252
SVHN 68.12  29.09 57.09 2566 72.72 3493 7030 2835 6642 3046 6674 30.15 70.65 30.07 7091 2933 6690 30.22

Gaussian ~ 96.03 96.44 86.85 32.08 81.66 9795 9932 9846 80.01 3356 99.24 98.11 98.59 90.73 99.28 98.01 9846 99.11
CIFAR-100 CIFAR-10 5873 19.79 5733 1695 59.71 2021 5790 1893 56.54 18.57 5645 19.14 5831 1943 5922 1981 56.86 19.75
SVHN 61.03 26.11 60.28 19.84 66.44 29.81 66.63 2503 59.27 2646 6897 27.05 67.02 28.07 6691 2790 6443 28.11

Gaussian ~ 73.63  66.31 85.21 71.61 7826 4531 9043 6184 8990 63.19 83.66 60.55 8635 59.16 8881 5542 8394 4771
SVHN  CIFAR-10 52.09 37.60 7298 5434 5649 2924 80.82 50.77 7625 49.66 7224 5145 7850 4927 8377 50.76 81.73 5292
CIFAR-100 53.18 39.35 74.19 5408 5881 2930 8328 5294 7733 5453 7282 50.17 8152 4285 7836 45.65 8185 5343

Table 7 reports results using the maximum probability metric. Similar conclusions to those from
Table 6 can be drawn, with our method performing well for most cases. Notably, the maximum
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probability method yielded higher AUROC and AUPR scores than entropy when CIFAR-100 and
SVHN were used as in-distribution datasets.

5. Conclusions and future work

In this study, we present a variational sparse BNN that combines a regularized horseshoe prior
with a Gaussian-scale mixture prior. These priors promote weight sparsity and mitigate overfitting,
improving both regularization and uncertainty quantification. Experimental results show that our
model outperforms the baselines in predictive performance and uncertainty estimation, confirming
its regularization effectiveness.

BNNs can estimate both aleatoric and epistemic uncertainty through carefully selected priors,
thereby quantifying model confidence—a capability that demonstrates core value in high-risk fields
like medical diagnosis and autonomous driving.

In medical imaging analysis (such as pathological slide recognition), uncertainty estimation serves
to flag low-confidence areas, assisting physicians in reviewing potential misdiagnoses and reducing
the risk of oversight. For critical applications such as cancer screening, the system can differentiate
between data uncertainty (such as image noise) and model epistemic uncertainty. This enables dynamic
allocation of secondary examination resources: cases exhibiting high epistemic uncertainty should be
prioritized for manual review, while those with high data uncertainty may warrant repeat testing.

When implemented on multi-source sensor data (including LiDAR and camera inputs), Bayesian
uncertainty estimation dynamically assesses environmental perception reliability. For instance, in
scenarios with elevated uncertainty during adverse weather conditions, the system can activate
conservative driving protocols—such as speed reduction or collision warnings—to prevent hazardous
misjudgments of pedestrian positions.

The main limitations of this work are: (i) the absence of theoretical guarantees for selecting H; (ii)
sensitivity to hyperparameter settings, with only a limited analysis conducted; and (iii) experiments
restricted to relatively simple neural networks. Future work should explore the method’s applicability
to more complex architectures and larger datasets. Given the strong influence of prior choice on BNN
performance, further investigation into the relationship between different priors, weight redundancy,
and regularization is warranted.
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