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ABSTRACT

We study the problem of robust posterior inference when observed data are sub-
ject to adversarial contamination, such as outliers and distributional shifts. We
introduce Distributionally Robust Variational Bayes (DRVB), a robust posterior
sampling method based on solving a minimax variational Bayes problem over
Wasserstein ambiguity sets. Computationally, our approach leverages gradient
flows on probability spaces, where the choice of geometry is crucial for addressing
different forms of adversarial contamination. We design and analyze the DRVB
algorithm based on Wasserstein, Fisher-Rao, and hybrid Wasserstein-Fisher-Rao
flows, highlighting their respective strengths in handling outliers, distribution shift
and mixed global-local contamination. Our theoretical results establish robustness
guarantees and polynomial-time convergence of each discretized gradient flow to
its stationary measure. Empirical results show that DRVB outperforms the naive
Langevin Monte Carlo (LMC) in generating robust posterior samples across vari-
ous adversarial contamination settings.

1 INTRODUCTION

Variational Bayes is a foundational technique in modern representation learning and deep generative
modeling, underpinning applications ranging from topic modeling ( , ) to variational
autoencoders (VAE) ( , ) and diffusion models ( , ). However,
variational inference (VI) is highly sensitive to adversarial shifts in the data distribution, and these
failures can propagate throughout the probabilistic modeling pipeline, affecting both inference and
generation.

Common types of adversarial contamination include:

(i) Distributional shift: The data distribution at deployment may differ from the one observed
during training. This occurs in various settings, such as domain adaptation, where models
are expected to generalize to slightly different target distributions, or in adversarial attacks,
where data are manipulated specific errors—for instance, manipulating an image genera-
tion model to produce inappropriate content.

(ii) Data contamination: Many datasets contain outliers, measurement errors, or noise injected
by privacy-preserving mechanisms ( s ; s ;b). As a result, the
empirical distribution p,, is a perturbed version of p.

While outlier contamination has been extensively studied in classical robust statistics ( s ;
, ), it is largely unexplored in Bayesian statsitics. Existing robust Bayesian
methods prlmanly focus on addressing model misspecification rather than adversarial contamina-

tion. Examples include the coarsened posterior ( ; , ), the
Wasserstein barycenter posterior ( , ), and varlatlonal posterlors based on Rényi
divergence ( R ). For Huber contamination, ( R ) introduces a

truncated Langevin Monte Carlo algorithm that provably outputs robust posterior mean estimates.

A popular framework to deal with data uncertainty problems is distributed robust optimization
(DRO) ( s 3 , ; R ). DRO casts the
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problem of learning under adversarial attacks as a minimax game. It has been used as a certificate
of adversarial robustness for methods based on empirical rlsk minimization, such as linear regres-
sion or neural networks (

An example of DRO is the Wasserstein DRO Wthh con51ders a set of pertubatlons based on the
‘Wasserstein distance ( ; ; ).

In this paper, we introduce Distributionally Robust Variational Bayes (DRVB), a unified approach
to robust posterior sampling under three types of contamination studied in recent literature (

, ): global contamination (Model 1), local contamination (Model 2), and mixed global-
local contamination (Model 3)!. DRVB addresses each contamination setting by formulating a
distributionally robust version of the variational Bayes problem under a suitable ambiguity set and
solving it using gradient flows over the space of probability measures.

The choice of optimization geometry is crucial for effectively targeting different types of contami-
nation. While all gradient-flow-based algorithms improve robustness compared to naive Langevin
Monte Carlo, we show that the Wasserstein-Fisher-Rao (WFR) gradient flow—which interpolates
between the Wasserstein and Fisher-Rao geometries—consistently outperforms both individual
flows and standard Langevin Monte Carlo in the presence of mixed global and local contamina-
tion (3). Such a gain comes with a computational cost, as we prove that the WFR gradient flow
algorithm takes longer to converge.

2 A VARIATIONAL REPRESENTATION OF THE BAYES POSTERIOR

Let 0 c® CR? be a global latent variable and let x = x;., denote n observations drawn from a
population distribution p,. Consider the following probabilistic model:

- ﬁpm 6)p(6)

The log-joint probability decomposes additively as logp (x,0) = Y7, ¢(x;,6), where ¢(x;,0) :=
logp(xi | 8) +logp(6).

Suppose that the posterior p(6 | x) has a Lebesgue density and a finite second moment, namely
E [|[@]* | x] < eo. Then the posterior is the unique solution to the variational Bayes problem (

n

Zﬂ(x,-, 9)

q*(e): argmln){]Eq(g) &

qe'@Z.ac (G)

+H(Q)}~ )

The problem above is equivalent to minimizing the Kullback-Leibler (KL) divergence between some
distribution q and the exact posterior:

q°(68) = argmin D (q [ p(6|x)). 2
q€<@2,ac<®)

Since the posterior is in the set £, 4.(®), the minimizer is achieved at the posterior q*(6) = p(6 | x).
But the purpose of Eq. 1 is to offer a perspective shift: it recasts the task of posterior sam-
pling—that is, generating samples from p(6 | x)—as the problem of solving an infinite-dimensional
KL-minimization problem for q*(0). The latter enables natural extensions of the posterior sampling
problem by modifying the objective to incorporate robustness constraints. Moreover, it enables us
to consider geometries on the space of probability measures and the derivation of gradient dynamics
for minimizing the KL functional under the chosen geometry.

3 DISTRIBUTIONALLY ROBUST VARIATIONAL BAYES (DRVB)

Let p,, denote the empirical distribution of the observed data x;.,. Problem (1) can be rewritten as:

q°(6) = argmin —nEqg) [Ep, (v [¢(x,0)]] +H(q). 3)
qeylar(@)

Formal definitions are provided in Appendix A. At a high level, local contamination is measured under the
p-Wasserstein distance, while global contamination is defined under the total variation (TV) distance.
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The basic assumption of Bayesian inference is that the empirical measure p, accurately approxi-
mates p, so that q*(0) captures the uncertainty of the parameter 6 under the population distribution.

However, when the observed data aree contaminated, p, no longer accurately represents the popu-
lation distribution py. This lack of robustness arises because deviations of p,, from p, introduce an
error factor of n into (3), which leads to biased posterior inference.

To deal with adversarial contamination, the distributionally robust optimization (DRO) framework
introduces an uncertainty set to account for discrepancies between the in-sample distribution p, and
the out-of-sample distribution. Motivated by the DRO approach, we propose Distributionally Robust
Variational Bayes (DRVB), which minimizes the worst-case variational Bayes objective within the
uncertainty set:

(q5(0),p5(x)) = argmin _ max _.Z(q,p), (P1)
qeﬂz‘m,(G) WP (pvpn)S_S;
pPEZp(Z)
where
Z(q,p) := —nEqe) [Ep) [ (x,0)]] +H(q). ®))

We refer to q5(0) as the 6-DR posterior.

The DRVB problem is an infinite-dimensional minimax optimization problem and (qj(6),pj(x)) is
the Nash equilibrium. Since the constraint set &%, ,.(0) is a geodesically-convex subset of 77,(®).
we could leverage Langenvin dynamics to design a sampling algorithm ( , ).

4 ALGORITHMS

Let 2 be a subset of R”. Consider the Lagrangian DRVB problem:

7(0) = argmin max {H(q)—nE Eoo [£(x,0)]| —AWPE (p,D,) }- (6)
q,(6) qeﬁzm(@)pe%(%){ (q) — nEq(e) [Ep() [¢(x, 0)]] b (p,b,)}

Since problem (4) is convex in p, the regularization weight A in Eq. 6 is equivalent to the radius §
of the ambiguity set up to some monotone transformation. A large § corresponds to a small A, and
vice versa.

To solve the min-max problem for qj (0), we use a Wasserstein Gradient Descent Ascent (WGDA)
algorithm. At each iteration, the algorithm performs Wasserstein gradient descent over p(x) and
gradient ascent over q(0).

Take IT(p,p,) to be the set of all coupling of p,p,. We can write the adversarial cost as a semi-
discrete optimal transport problem,

W2 (p,p,) = inf / x—yl|Pdr(x,y).
b (p,Dy) B L %MII y|[Pdm(x,y)

The Wasserstein distance finds the optimal 7 in the set of couplings. But the cost could be defined
for general r € &2,(Z x Z), given by

%pn::/ —yl|Pdr(x,y).
pmi= [ ksl

We use 7, T, to denote the first and second marginals of 7. In our context, 7, 7T, corresponds to the
perturbed and empirical distributions, respectively.

Given q and 7, define the objective:
% (q,7) :=H(q) —nEqe) [Er,(x) [¢(x,0)]] — A1 €7 (7).
Then Eq. 6 is equivalent to the following reparametrized problem

q;(0) = argmin max U (q,7). 7
() 4E P 40 (@) REP (XX L );7y=Pyy @)

It is easy to see that the two minimizers agree in Eq. 6 and Eq. 7.
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4.1 WASSERSTEIN GRADIENT DESCENT ASCENT

Let sg (x,0) and sy (x,0) be the partial gradient of the log joint £(x,6) with respect to 8 and x,
respectively.

We firs take the Wassestein gradient of % (q, ) with respect to g, given by the gradient of the first
variation of % in the direction of q.

d /
Vw,q% (q,7) =V (de% (a+e(q —Q)JC)) = —nEyz (v [so (x,0)] +Vlogq(0).  (8)

For a given 7, let (qff);>0 be the gradient flow that evolves according to Eq. 8. Let 67 ~ qF be a
random variable at time ¢.

Using the well-known result of ( , ), (67);>0 follows the Langevin dynamics:
dOf = —nEy ) [so (x,6])]dt +v/2dB,. )

At the level of trajectory (6F),>0, the Langevin dynamic is a stocahstic differential equation (SDE)
but at the level of measures (qF);>o, it is a gradient flow under the Wasserstein geometry.

Now we differentiate % (q, &) with respect to 7. The first step is to rewrite % (q, ) as follows,
(0, 7) = Ex(vy) [-nEqe) [¢ (x.0)] = Allx—y[|”] + H(q).

This shows that % (q, ) depends linearly on the optimization variable 7. The Wasserstein gradient
for 7 is the gradient of first variation:

—nBqe) [sx (% 0)] = AVi([lx—y[|P)|
—AVy (e =yII7)
(10)

Vi, 2% (Q, ) = Viy (—nBq(g) [€ (x,0)] = A x—y[[") =

where V([lx = y[17) = pllx = y[IP~'Vi(llx = yll) = plle = ylIP~ b = ylI~"x = pllx = y[IP .

The gradient flow of 7 evolves a trajectory (x{',y{');>0 according to a Euclidean gradient ascent flow:

dx) = —nEqg) [sx (x?, 9)] dt — AV (||} — yd||P)dt, (11)

and
dy} = =2V ([t =y} dr. (12)

The joint gradient for DRVB glues together the Langevin dynamics (6/);>0 and the bivariate flow
(x,y1)>0. For 6, ~ q, and (x;,y,) ~ 7;, we obtain:
d6; =By, (y [se (x,6,)]dt +/2dB,
dxy = —nEq(g) [sx (31, 0)]di — AV (|| — yi[|”)d, (13)
dyr = =AV([|xt =y [|P)dr.

Next, we project the unconstrained gradient flow (13) onto the subspace {n € Z,(Z x Z"): m, =
P, }- In particular, we enforce yy ~ 7 := p,,, thus dy, = 0. This results in the following flow:

(Sampling) d6, =nEy, () [se (x,6,)]dt + V2dB;,

(14)
(Adversary) dx; = —nlEy (g) [sx (xr,0)]dt — AV ([[x; —yo||”)I {(x:,y0) € supp(m )} dt.

We refer the first flow in Eq. 14 as 0-flow and the second flow as x-flow. We briefly check the

joint flow in special cases. As A — oo, x-flow enforces the hard constraint x; = yo and the 6-flow

reduces to the Langevin dynamics for posterior sampling. When p = 2, x-flow becomes dx; =

—nEq, (g) [sx (xr,0)]dt — Ap(x; —yo)I{(x1,y0) € supp(m)}dt.
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Discretization and implementation.  Our algorithm is a time-discretized version of the joint flow
in Eq. 14. To discretize the gradient flow, we use the Euler-Maruyama scheme.

The discretized 6-flow becomes the Lagevin Monte Carlo algorithm. For a step size 1y, it updates
Our 1y, = Ok + MnVEz, () 50 (x,0km, )| +V2mE, &~ A (0,1y). (15)
The discretized x-flow is the vanilla gradient ascent algorithm with step size 1y,
X1y = Xk — By, (@) [+ (Y, 0)] dr = MAp e, — ol (me —y0)- (16)

The detailed algorithm is described in Algorithm 1.

Algorithm 1: Wasserstein Gradient Descent Ascent

Input: Initial particles 6], - ,8y", Data X, ,X0» Terminal time 7', Step sizes Mo.(7_1)
fork=0t0T—1do
Set v, =0;
Use n; Monte Carlo samples to estimate;
E [s (xG)}%iis (x', 6) stx]n-x"k%lZﬁ-
Teqe(x) 196\ Uk n = o\ Uk A n = Ketvo”

Compute the corresponding estimator vy;

Update 8], = 6] + FnEy, ) [so (x.6)) | + v2M&/, where &1 ~ 4 (0,1,);
Use my; Monte Carlo samples to estimate;

ia 1
Eq,(0) [sx (1, 6 Z Sx xk, 9’ s.t. O, 0™ iid 1 Z 59}

Run Sinkhorn algorithm to compute m; is the optimal coupling between p, and p.
Vw o (qi, i) (x) = V8 (qy, i) (x) = —nEq, (o) [5x(x, 0)] = A (Vi [lx = y[|”)I {(x,y) € supp(m;)}

Update ka —xk VW 2% (i, PE) ()3
return Or,xr;

At each iteration, we approximate the expected score in 8 and x with Monte Carlo samples from
the latest updates. The sequence of samples sizes my,n; are tuned between 1 and m,n based on
computational budget. Setting m; = n; = 1 corresponds to a full stochastic gradient approach, setting
my, = ny, = n is a deterministic gradient descent ascent, setting m,, 1y, in between corresponds to mini-
batch optimization.

We set the stepsize according to the Robbins-Monroe sequence, i.e. M/A satisfies Y My = oo and
7713 < 0. Dividing by A offsets the large discretization error to the gradient flow induced by a large
choice of 1.

5 A TOY ILLUSTRATION

Consider a bivariate normal model. The log-joint is given by £(x,8) = —1 |x — 6]* for data x ~

po :=A4(0,h).

We simulate a dataset of 100 points from the bivariate normal distribution .4 (0, /). We then con-
taminate this dataset by introducing 20 outliers. These outliers are generated from an Exponential(1)
distribution, and then scaled by a factor of 10.

We run the proposed Wasserstein Gradient Descent Ascent (WGDA) and Langevin Monte Carlo
(LMC) algorithms on the contaminated samples. Interestingly, the WGDA algorithm shows insta-
bility when p =2 and A is small. When ¢(x, 8) = —1 ||x— 6]|%, higher-order regularization or a large
A is necessary to ensure the problem is “concave” in the distribution of x. For instance, when p = 2,
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W2 Distance (WGDA) vs. A for Different p

Posterior Samples of 6 under Data Contamination 14
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(a) Scatter plot comparing the posterior samples from(b) W; distance between WGDA posterior samples and
WGDA and LMC, under outlier contamination. The  clean posterior samples for varying A and p.
blue region represents the true 95% credible region
when the data is uncontaminated.

Figure 1: Comparing posterior samples from WGDA and LMC (left) and W, distance between
WGDA posterior samples and clean posterior samples (right).

we need A > 50 to make the inner problem concave. We recommend setting p > 2.5 to allow for a
relatively smaller choice of A.

The WGDA is run with a terminal time 7 = 1, step size n = 0.001, m; = n; = 10, Wasserstein
power p = 3 and regularization parameter A = 0.1. As we vary the size of A, smaller A makes the
result of WGDA more robust to outliers. The competing LMC algorithm runs with the same step
size N = 0.001 as WGDA.

Figure 1a shows that WGDA produces samples that closely match the posterior credible region under
the clean distribution py, whereas LMC produces unreliable samples due to data contamination.

Figure 1b plots the discrepancy between the posterior samples generated by WGDA and those from
the target posterior. For smaller values of p, there is a more pronounced improvement in performance
as A decreases. WGDA outperforms LMC on all (p,A) settings considered.

6 DISCUSSION

In this manuscript, we formulate the Distributionally Robust Variational Bayes (DRVB) problem
for posterior inference under adversarial contamination, introduce a Wasserstein Gradient Descent
Ascent (WGDA) algorithm as a robust posterior sampling method, and demonstrate its effectiveness
on a contaminated Gaussian example.

In the appendix, we present a variant of the algorithm that optimizes DRVB under the Fisher-Rao
geometry, which is particularly well-suited for robust sampling under global contamination, and
Wasserstein-Fisher-Rao (WFR) geometry, which addresses mixed global and local contamination.

Immediate future work involves establishing theoretical guarantees, including convergence analysis
and robustness properties under various contamination settings Model 1 to 3.
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A  MODELS OF CONTAMINATION

We define three models of contamination for the analysis of our algorithms:

Model 1. TV Contamination(global contamination)

Let € € (0,1/2), S be a multi-set of n points in RY. Consider all n-sized sets in RY that differ
in at most €-fraction of points, i.e., O(S,€):={S CRY:|S'|=nand|S'NS|> (1—€)n}. The
adversary can return any set T € O(S,¢€). We call points in S to be the inliers and points in T\S to
be the outliers.
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Model 2. Wasserstein-p Contamination(local contamination)

Letp >0,p € [1,2),80 = {x1, -+ ,x,} be an n-sized set in RY. Consider an adversary that perturbs
each point x; to X; with the average W) perturbation(over n points) is at most p. Formally, we define:

1
WI(SOap):{S{flv"’axn}|n2||ilxi'Sp}a p:1
i€[n]

a7
1
WP(SOap) = {S: {217"' 75571} | ; Z ||)Z1 —)Cin Sp}7 p> 1

i€[n]

The adversary returns an arbitrary set S € #,(So,p),p € [1,0).

Model 3. TV and Wasserstein Contamination(global and local contamination)

Let € € (0,1/2) and p > 0. Let Sy = {x1,--+ ,x,} be a set of n points in R?. The adversary can
return an arbitrary set T such that T € O(S,€) for some S € #,(So,p).

B TYPES OF GEOMETRIES

B.1 WASSERSTEIN GEOMETRY

Suppose x € 2" and 0 € ®. We denote I1(p,q) as the set of couplings between measures p and g,
and 2 (@) as the space of probability measures over @, || - || as the Euclidean distance in R?. In this
paper, we work with measures with well-defined densities and we tacitly identify the measures P, Q
with the densities p, q.

For p > 1, we define the (p)-Wasserstein distance as follows

1/p
Wol.0) = (int Ban IX-717])

The Wasserstein space of order p is defined as

2,(0) = {u € 32(@);/@51(90, 0)7u(d6) < oo}7

where 6 € © is arbitrary. The W; distance then defines a (finite) metric on &,(®).

We denote by &, .(®) the subspace of &2,(0®) consisting of measures with Lebesgue densities.
Among them, a speical space (%2 ,.(0),W,) is a metric space with pseudo-Riemannian geometry

( ; )-

The subspace of (yzﬁac(Rd),Wz) consisting of all Gaussian distributions is known as the Bures-

Wasserstein space, denoted as BW(R?) ( , ).

See ( s ; ; s ) for a textbook treatment of optimal transport and
( , ) for log-concave sampling theory.

Let H(q) := Eq [logq(6)] denote the Boltzmann entropy ( , ). A key result in optimal

transport is that the relative entropy functional .% (q) is a-geodesically-convex in the Wasserstein
sense

7(q) :=Eq[V(0)] +H(q). (18)
provided that the function V is o-strongly convex.

We use several notions of convexity for functionals on &(.2"): geodesic convexity and linear con-
vexity. Geodesic convexity is defined under geodesics under a certain geometry(for example W
geometry), while linear convexity is defined with respect to mixtures of two distributions (see (

, , Ch. 16 and 17)). Following the convention ( , ), we say a functional .Z (p) is
convex if it is convex in the linear geometry and geodesically convex otherwise.
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For any functional .% (p) of a positive density p on a compact set 2", we define its first variation
0Z (p) : £ + R as the unique function, up to an additive constant, for which

d
Sle0 Foren) = [ 67 (e, (19)

for every signed measure dyy satisfying that [,-dx(x) = 0.

The Wasserstein-2 gradient is defined as the gradient of first variation:

Vw27 (p) = V6.7 (p). (20)

B.2 FISHER-RAO GEOMETRY

The study of dynamics of probability density functions with respect to the Fisher-Rao geometry is
a newly emerging research subJect across machine learning and Bayesian statistics(

R ). ( s ) studies the geodesw
convex1ty and functlonal mequalmes of Fisher-Rao geometry and establishes the universal exponen-
tial convergence rate of Fisher-Rao gradient flow with minimal assumptions on the target distribu-
tion via the dual gradient dominance condition. ( , ) studies the Fisher-Rao metric
from the perspective of invariance, which is a desirable property for sampling highly anisotropic
target distributions. ( , ) surveys the available closed-form expressions for the
Fisher-Rao distance of both discrete and continuous distributions. ( , ) applies the
Fisher-Rao gradient flow to propose efficient Bayesian inference methods in the presence of mul-
tiple modes, infeasibility of gradient of density, need for repeated evaluations. Their work focuses
mainly on gaussian Their work mainly focuses on Gaussian approximation and Gaussian mixture
approximation.

The Fisher-Rao gradient of a functional .% : 22(IR¥) is the first variation of .7

VERZ (p) = 6.7 (p). 2D

B.3 WASSERSTEIN-FISHER-RAO GEOMETRY

Even though WFR metric does not have an explicit form, the WFR gradient is simply a combination
of Wasserstein gradient and Fisher-Rao gradient, which makes the implementation of Wasserstein-
Fisher-Rao gradient flow possible. Hybrid flows under combined Fisher-Rao and Wasserstein-2
gemetries were applied to statistical problems in ( ; , ). ( ,

) first introduced Wasserstein-Fisher-Rao gradient flow to statlstlcal problems(learning gaussian
mixtures). ( , ) then applied the hybrid flows to Empirical Bayes by introducing another
random variable.

The Wasserstein-Fisher-Rao gradient of a functional .7 : 2(R?) — R composes the Wasserstein
and Fisher-Rao gradient.

VwrrZ (p) = (Vw27 (p), Ver-Z (p)) (22)

10
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C ADDITIONAL ALGORITHMS AND SIMULATION RESULTS

C.1 FISHER-RAO GRADIENT DESCENT ASCENT

Algorithm 2: Fisher-Rao Gradient Descent Ascent

Input: Initial particles 6(}, -+, 0§, Data x(l), -+, x8, Weights wi) = 1 /n for i € [n] , Terminal
time 7', pp = Yo wéij, Step size 7y, Cut-off time L, Cut-off size n,
0
fork=0t0T —1do
Set v, =0;
Use n; Monte Carlo samples to estimate;

3

1 4 y .
Ez, . (x) [s0 (x, 60)] ~ o Y 5o (6,60 stoal W Ep = Zwiéx
i=1 =1

Compute the corresponding estimator vy;
Update 6 =6 + MnEr_ () {se (x, 9,5)] +/2n:E7, where E ~ ¥ (0,1;);

if £ <L then
Use my Monte Carlo samples to estimate;

my

1
Eq 0) [Sx Xy, 0 Z Sx (xk, ) S.t. 91 Gmk z{z\ch — Z 59,

Run Sinkhorn to compute 7/, the optlmal coupling between p, and py, and potential
functions ¢; ()

8U(q,p)(x) = —nEqyg) [€(0,x)] — A [|x — ¢ (x)[|”
Update
Wk+1 = Wk( — M6%(q, p)(xk))

(Wi1) jeln) = rewelghtmg(wkﬂ)]€ Pry1 = Z Wk+1 .

if k= L+ 1 then
Remove samples with smallest n, weights and assign equal weights of the rest of the
samples.

else
L Pr+1 =DPr

return 67, x7;

11
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C.2 WASSERSTEIN-FISHER-RAO GRADIENT DESCENT ASCENT

Algorithm 3: Wasserstein-Fisher-Rao Gradient Descent Ascent

Input: Initial particles 6, --- , 6;", Data xy,- - - , x5, Weights wg, -+, w(, pg = X1 W(])Sx{)’
Terminal time 7', Step size 1y, Cut-off time L, Cut-off number n,

fork=0tT—1do

Update 0

Set v, =0;

Use n; Monte Carlo samples to estimate;

n
iid i
Eﬁk,x( )[Sg X, 6¢)] ZSQ X' ek s.t.x - X"~ p = Zw;cax;(
i=1
Compute the corresponding estimator vg;

0/, = 6] +MnExr [se (x, 9,{)] /2,

where &/ ~ A (0,1,),i.i.d. j € [n];

1 m
0)=—1) 0,;
Qe41(0) m j; o/,
Use my Monte Carlo samples to estimate;
1 & j 1 my iid 1
Eq,(0) [sx (xx,0)] = o lex (xk, 6 ) st. @', , 0™ ~ — Z 59,
-
Update x
Run Sinkhorn algorithm to compute optimal coupling 7, potential functions ¢;() and first
variation:

8%(q,p)(x) = —nlq(e) [((6,x)] — A9 (x)
VU Qs py) () = —nBq(e) [Vl (0,x)] = A (Vallx = y[|") I {(x,y) € supp(m;)}

WaSSGI’Stel'Il Step 5

if £k <L then
Fisher-Rao step ;

Wi =wi(1=m8%(q,p) (%)
(Wi1) jeln) = rewelghtmg(wkﬂ)]E Pis1 = Z Wk+1 >

if k =L+ 1 then
Remove samples with smallest n, weights and assign equal weights of the rest of the
samples.

else
L Pi+1 =Pr

return 67, x7;

C.3 SIMULATION

We study DRVB for Bayesian Logistic Regression model under different types of contamination
including Huber contamination, added noise contamination, and a mixture of both. We generate

12



Published at Frontiers of Probabilistic Inference workshop at ICLR 2025

ii.d data from Logistic regression model and then generate synthetic contamination to features.
Then run Algorithms 1, 2 and 3 and Langevin Monte Carlo on contaminated data.

Setup: Bayesian Logistic Regression model with 5 parameters 8 € R? and intercept &« = 0. 6 ~
A(0,I5). Features X; u A4(0,900) for i € [100], ¥; ~ Bernoulli(logit(X; 0)),i.i.d., where logit(x) =
1

1+exp(—x)

We first apply LMC to the clean data to obtain samples from the clean posterior. This is the ”gold
standard” of our inference.

Huber contamination. In this simulation, we consider the standard Huber contamination setting
with a contamination rate of 0.1. Specifically, we randomly replace 10% of the samples with i.i.d.
Cauchy-distributed random variables at varying scales. We then apply Langevin Monte Carlo (LMC)
as well as the proposed algorithms Algorithms 1, 2 and 3 to the contaminated data to obtain pos-
terior samples. To assess robustness, we compute the Wasserstein-1 distance between the posterior
samples obtained from the contaminated data and the ground-truth posterior, approximated by L

Figures 2a, 2b, 3a, 3b, 4a and 4b present the Wasserstein-1 distance between variational posterior
samples and the ground truth for p = 3,4 across different contamination levels and varying A.

The WGDA (W2) result follow a typical pattern: it first decreases, then increases, and may even
diverge when the contamination level is too high. In contrast, Fisher-Rao (FR) + LMC consistently
performs better than W2 and converges reliably in all settings. The Fisher-Rao gradient flow ef-
ficiently detects and removes outliers, making it particularly effective in the Huber contamination
setting. On the other hand, the Wasserstein gradient flow is less robust to extreme contamination.
Combining Fisher-Rao and W2 preserves the advantages of Fisher-Rao in handling outliers while
ensuring stability in inference.

Remark 1. In most plots, W2 shows a first decreasing and then increasing trend as A keeps increas-
ing. Ideally, for Wasserstein Gradient Flow(step size is infinitesimally small, discretization error is
negligible), the increase of A initially decreases the W, distance. This occurs because bigger A leads
to a smaller ambiguity set which further induces a variational solution with smaller bias. However,
once A reaches the critical point where the ambiguity set shrinks to the set with smallest radius
which still contains the clean empirical measurem, further increases in A causes the ambiguity set
to exclude the clean empirical measure, introducing significant bias.

In practice, however, for WGDA (fixed step size for varying 1), the turning point occurs much earlier
due to the compounding effect of discretization error, which grows as A increases.

Added noise contamination. In this simulation, we consider the Added noise contamination
setting. Contamination rate is 0.1. We randomly choose 10 percent samples and add i.i.d Laplace
noise to them with different levels. Then we run Langevin Monte Carlo and Algorithms 1, 2 and 3
separately to the contaminated data to get corresponding posterior samples. Then we compute the
Wasserstein-1 distance between the posterior samples we obtained by running algorithms on the
contaminated samples and the ground truth(LMC samples from clean data). We study the cases that
tuning parameter p = 3,4 with varying A.

Figures 5a, 5b, 6a, 6b, 7a and 7b display the W distance between variational posterior samples and
ground truth for p = 3,4, varying A and different levels.

Though Fisher-Rao is efficient to detect outliers, in the added-noise contamination setting, Fisher-
Rao is less robust especially when noise level is relatively low. See Figures 5a and 5b, when noise
level is 10, Fisher-Rao prone to take clean samples as contaminated samples leading to unstable
results. While in this case, W2 is more robust as W2 mainly perturb the features which fits the
contamination well. Fisher-Rao + W2 still preserves the robustness of W2 and performs nicely.

As the contamination level grows higher, the performance of Fisher-Rao gets a lot better since
contaminated samples are easier to detect. And Fisher-Rao + W2 slightly outperforms W2.

Mixed contamination. In this simulation, we consider a mixed contamination setting, a combi-
nation of Huber contamination and Added noise contamination. Contamination rate is still 0.1(0.05

13
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W1 Distance (WGDA) vs. A for p = 3 under Huber contam level: 10 W1 Distance (WGDA) vs. A for p = 4 under Huber contam level: 10

Algorithms Algorithms

W1 Distance
W1 Distance

(@ W, distance between LMC, WGDA,(b) W distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Huber Con-
Huber Contamination level 10 tamination level 10

Figure 2: W; distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under different contamination levels.

W1 Distance (WGDA) vs. A for p = 3 under Huber contam level: 30 W1 Distance (WGDA) vs. A for p = 4 under Huber contam level: 30

Algorithms.

Algorithms.
e FR+W2

e FR+W2
FR + LMC

W1 Distance
W1 Distance

LMC under contam

@ w distance between LMC, WGDA,(b) W; distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Huber Con-
Huber Contamination level 30 tamination level 30

Figure 3: W, distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under different contamination levels.

for Huber and 0.05 for Added noise). We randomly choose 10 percent samples and substitute half
of them by cauchy random variables and add i.i.d Laplace noise to the other half. Then we run 4
algorithms as before separately to the contaminated data to get posterior samples and compute the
Wasserstein-1 distance between samples and the ground truth(LMC samples from clean data). We
study the cases that tuning parameter p = 3,4 with varying A.

Figures 8a, 8b, 9a, 9b, 10a and 10b present the W; distance between variational posterior samples
and ground truth for p = 3,4, varying A and different levels.

At level 10, Fisher-Rao is less robust than the other two algorithms due to the presence of weak
added noise contamination. W2 and Fisher-Rao + W2 performs well in this case. And W2 with
a larger A performs best in all these three algorithms. As the contamination level increases to 30,
Fisher-Rao performs the best and FR + W2 uniformly beats W2. W2 performs well with a relatively
large A. At the level 50, W2 can not handle the strong contamination any more. The performance is

14
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W1 Distance (WGDA) vs. A for p = 3 under Huber contam level: 50 W1 Distance (WGDA) vs. A for p = 4 under Huber contam level: 50
30
Algorithms.

Algorithms
30{ - FR+W2
FR+ LMC
—-— w2
-=- LMC under contam

W1 Distance
W1 Distance

(@ W, distance between LMC, WGDA,(b) W distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Huber Con-
Huber Contamination level 50 tamination level 50

Figure 4: W, distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under contamination level 50.

W1 Distance (WGDA) vs. A for p = 3 under Added contam level: 10 W1 Distance (WGDA) vs. A for p = 4 under Added contam level: 10

Algorithms.

° ~o— FR+ W2
FR 4+ LMC
- w2
\\ -~ LNC under contam

W1 Distance

W1 Distance

@ w distance between LMC, WGDA,(b) W; distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Added Con-
Added Contamination level 10 tamination level 10

Figure 5: W, distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under Added noise contamination level 10.

even worse than LMC. Fisher handles it well as it does in the single contamination case. And FR +
W2 also performs robustly.

In summary, Fisher-Rao GDA is highly effective in handling Huber contamination and added noise
contamination, particularly at high contamination levels. WGDA performs well in the presence of
added noise contamination and remains effective under Huber contamination when the contami-
nation level is low. When both types of contamination are present and contamination levels vary,
the hybrid Fisher-Rao + Wasserstein (W2) approach demonstrates the highest robustness among all
three algorithms.

While there are scenarios where either W2 or Fisher-Rao individually may fail, Fisher-Rao + W2
consistently performs well and significantly outperforms LMC when properly tuned. This property
can be interpreted as double robustness, meaning that the Fisher-Rao + W2 method remains effective
as long as at least one of the two components is successful.

15
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W1 Distance (WGDA) vs. A for p = 3 under Added contam level: 30 W1 Distance (WGDA) vs. A for p = 4 under Added contam level: 30

° Algorithms.

o FR+W2 S
FR + LMC A
s —-— w2
~=- LMC under contam
7 6

W1 Distance
W1 Distance

(a) W, distance between LMC, WGDA,(b) W; distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Added Con-
Added noise Contamination level 30 tamination level 30

Figure 6: W, distance betweenposterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under Added contamination level 30.

W1 Distance (WGDA) vs. A for p = 3 under Added contam level: 50 W1 Distance (WGDA) vs. A for p = 4 under Added contam level: 50

Algorithms

9 —o— FR+W2
FR + LMC
- w2
== LMC under contam 7

Algorithms.
e FR+W2
FR + LMC

W1 Distance
W1 Distance

(@ w distance between LMC, WGDA,(b) W, distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Added Con-
Added Contamination level 50 tamination level 50

Figure 7: W, distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under contamination level 50.
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W1 Distance (WGDA) vs. A for p = 3 under Mixed contam level: 10 W1 Distance (WGDA) vs. A for p = 4 under Mixed contam level: 10

W1 Distance
W1 Distance

(a) W, distance between LMC, WGDA,(b) W; distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Huber Con-
Mixed Contamination level 10 tamination level 10

Figure 8: W, distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under Mixed contamination level 10.

W1 Distance (WGDA) vs. A for p = 3 under Mixed contam level: 30 W1 Distance (WGDA) vs. A for p = 4 under Mixed contam level: 30

Algorithms

—o— FR+W2 .
FR + LMC
B - w2
,\.\.\ == LMC under contam 6

Algorithms.

W1 Distance
W1 Distance

(@ w distance between LMC, WGDA,(b) W, distance between LMC, WGDA, WFRGDA,
WFRGDA,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Huber Con-
Mixed Contamination level 30 tamination level 30

Figure 9: W, distance betweenposterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under contamination level 30.

17



Published at Frontiers of Probabilistic Inference workshop at ICLR 2025

W1 Distance (WGDA) vs. A for p = 3 under Mixed contam level: 50 W1 Distance (WGDA) vs. A for p = 4 under Mixed contam level: 50

Algorithms Algorithms

W1 Distance
W1 Distance

107 107 10° 10! 107
A A

(@ w, distance between LMC, WGDA,(b) W, distance between LMC, WGDA, WFRGDA,
WFRGDA ,FRGDA posterior samples and clean and FRGDA posterior samples and clean posterior
posterior samples for varying A and p = 3 under  samples for varying A and p = 4 under Mixed Con-
Mixed Contamination level 50 tamination level 50

Figure 10: W distance between posterior samples from LMC, WGDA, WFRGDA, and FGDA and
clean posterior samples under Mixed contamination level 50.
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