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ABSTRACT

The Sliced Wasserstein barycenter (SWB) is a widely acknowledged method
for efficiently generalizing the averaging operation within probability measure
spaces. However, achieving marginal fairness SWB, ensuring approximately equal
distances from the barycenter to marginals, remains unexplored. The uniform
weighted SWB is not necessarily the optimal choice to obtain the desired marginal
fairness barycenter due to the heterogeneous structure of marginals and the non-
optimality of the optimization. As the first attempt to tackle the problem, we
define the marginal fairness sliced Wasserstein barycenter (MFSWB) as a con-
strained SWB problem. Due to the computational disadvantages of the formal
definition, we propose two hyperparameter-free and computationally tractable sur-
rogate MFSWB problems that implicitly minimize the distances to marginals and
encourage marginal fairness at the same time. To further improve the efficiency,
we perform slicing distribution selection and obtain the third surrogate definition
by introducing a new slicing distribution that focuses more on marginally unfair
projecting directions. We discuss the relationship of the three proposed problems
and their relationship to sliced multi-marginal Wasserstein distance. Finally, we
conduct experiments on finding 3D point-clouds averaging, color harmonization,
and training of sliced Wasserstein autoencoder with class-fairness representation to
show the favorable performance of the proposed surrogate MFSWB problemsﬂ

1 INTRODUCTION

Wasserstein barycenter (Agueh & Carlier,2011) generalizes "averaging" to the space of probability
measures. In particular, a Wasserstein barycenter is a probability measure that minimizes a weighted
sum of Wasserstein distances between it and some given marginal probability measures. Due to the
rich geometry of the Wasserstein distance (Peyré & Cuturi, [2020)), the Wasserstein barycenter can be
seen as the Fréchet mean (Grove & Karcher, |1973)) on the space of probability measures. As a result,
Wasserstein barycenter has been applied widely to various applications in machine learning such
as Bayesian inference (Srivastava et al., 2018} [Staib et al.,|2017)), domain adaptation (Montesuma
& Mboulal 2021)), clustering (Ho et al.,|2017)), sensor fusion (Elvander et al.,2018)), text classifica-
tion (Kusner et al.,2015), and so on. Moreover, Wasserstein barycenter is also a powerful tool for
computer graphics since it can be used for texture mixing (Rabin et al., 2012), style transfer (Mroueh),
2020), shape interpolation (Solomon et al.,2015)), and many other tasks on many other domains.
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Marginals USWB F=8271.72, W=97.32 MFSWB A =1 F=579.25, W=107.09
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Figure 1: The uniform SWB and the MFSWB of 4 Gaussian distributions.

Despite being useful, it is very computationally expensive to compute Wasserstein barycenter. In
more detail, the computational complexity of Wasserstein barycenter is O(n> logn) when using
linear programming (Anderes et al., | 2016)) where n is the largest number of supports of marginal
probability measures. When using entropic regularization for optimal transport (Cuturi, 2013)), the
computational complexity is reduced to O(n?) (Kroshnin et al.l 2019). Nevertheless, quadratic
scaling is not enough when the number of supports approaches a hundred thousand or a million. To
address the issue, Sliced Wassserstein Barycenter (SWB) is introduced in (Bonneel et al., [2015) by
replacing Wasserstein distance with its sliced variant i.e., Sliced Wasseretein (SW) distance. Thank
to the closed-form of Wasserstein distance in one-dimension, SWB has a low time complexity i.e.,
O(nlogn) which enables fast computation. Combining with the fact that Sliced Wasserstein is
equivalent to Wasserstein distance in bounded domains (Bonnottel, 2013) and Sliced Wasserstein does
not suffer from the curse of dimensionality (Nguyen et al.| 2021} Nadjahi et al.,[2020; Manole et al.|
2022; Nietert et al., [2022), SWB becomes a scalable alternative choice of Wasserstein barycenter.

In some applications, we might want to find a barycenter that minimizes the distances to marginals
while having equal distances to marginals at the same time e.g., constructing shape template for a
group of shapes (Bongratz et al., 2022} Sun et al., 2023) that can be further used in downstream tasks,
exact balance style mixing between images (Bonneel et al.,|2015)), fair generative modeling (Choi
et al.} [2020), and so on. We refer to such a barycenter as a marginal fairness barycenter. Both the
Wasserstein barycenter and SWB are defined based on a given set of marginal weights (marginal
coefficients), and these weights represent the importance levels of marginals toward the barycenter.
Nevertheless, a uniform (weights) barycenter does not necessarily lead to the desired marginal fairness
barycenter as shown in Figure [T} Moreover, obtaining the marginal fairness barycenter is challenging
since such a barycenter might not exist and might not be identifiable given non-global-optimal
optimization (Karcher mean problem). To the best of our knowledge, there is no prior work that
investigates finding a marginal fairness barycenter.

In this work, we make the first attempt to tackle the marginal fairness barycenter problem i.e., we
focus on finding Marginal Fairness Sliced Wasserstein Barycenter (MFSWB) to utilize the scalability
of SW distance.

Contribution: In summary, our main contributions are four-fold:

1. We define the Marginal Fairness Sliced Wasserstein Barycenter (MFSWB) problem, which is a
constrained barycenter problem where the constraint aims to limit the average pair-wise absolute
difference between distances from the barycenter to the marginals. We derive the dual form of
MFSWRB, discuss its computation, and address its computational challenges.

2. To address this issue, we propose surrogate definitions of MESWB that are hyperparameter-free
and computationally tractable. Motivated by Fair PCA (Samadi et al., 2018)), we propose the first
surrogate MESWB, which minimizes the largest SW distance from the barycenter to the marginals.
To solve the problem of biased gradient estimation of the first surrogate MESWB, we propose the
second surrogate MFSWB, which is the expectation of the largest one-dimensional Wasserstein
distance from the projected barycenter to the projected marginals. We show that the second surrogate
is an upper bound of the first surrogate and can yield an unbiased gradient estimator. We further
extend the second surrogate to the third surrogate by applying slicing distribution selection and show
that the third surrogate is an upper bound of the previous two.

3. We discuss the connection between the proposed surrogate MFSWB problems and the Sliced
Multi-marginal Wasserstein (SMW) distance with the maximal ground metric. In particular, solving
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the proposed MESWB problems is equivalent to minimizing a lower bound of the SMW. By showing
that the SMW with the maximal ground metric is a generalized metric, we demonstrate that it is safe
to use the proposed surrogate MESWB problems.

4. We conduct simulations with Gaussian data and experiments on various applications, including
3D point-cloud averaging, color harmonization, and sliced Wasserstein autoencoder with class-fair
representation, to demonstrate the favorable performance of the proposed surrogate definitions.

Organization. We first discuss some preliminaries on SW distance, SWB, its computation, and
Sliced Multi-marginal Wasserstein distance in Section 2| We then introduce the formal definition
and surrogate definitions of marginal fairness SWB in Section[3] Next, we conduct experiments to
demonstrate the favorable performance and fairness of the proposed definitions in Section @] We
conclude the paper and provide some future directions in Section [5] Finally, we defer the proofs of
key results, the discussion on related works, and additional materials to the Appendices.

2 PRELIMINARIES

Sliced Wasserstein distance. The definition of sliced Wasserstein (SW) distance (Bonneel et al.,
2015) between two probability measures 111 € Py(R?) and pa € Pp(R?) is:

SWE(p1, p2) = Eogy(sa-1)[Wh (0841, 08p2)], (1
where the Wasserstein distance has a closed form in one-dimension which is W5 (0fu1, 0fu2) =

fol |F‘97ﬁ;1u (z) — Fefmlu(zﬂpdz where 0fu and v denotes the pushforward measures of u and v
through the function f(z) = 6"z, Fyy,, and Fpy,,, are the cumulative distribution function (CDF)
of 01 and O o respectively.

Sliced Wasserstein Barycenter. The definition of the sliced Wasserstein barycenter (SWB) prob-
lem (Bonneel et al., 2015) of K > 2 marginals pi1,...,ux € Pp(RY) with marginal weights
Wi, ..., wrg >0 (ZiK:k wy, = 1) is defined as:

K
mgn]'—(ﬂ;M:K,wLK); F(ps pire, wiii) = ZwkSWfi(u, [1k)- 2
k=1
When wy = ... =wg = 1/K, we obtain an uniform SWB problem.

Computation of parametric SWB. Let ;14 be parameterized by ¢ € @, SWB can be
solved by gradient-based optimization. In that case, the interested quantity is the gradient

VoF (e 1k, wi:K) = 22{:1 ka¢SW£(/¢¢, k). However, the gradient

VoSWE (g, k) = VgEgyy(sa-1)[Wh (0 1g, 08ur)] = Egyy(sa-1) [V Wh (01g, O 1ir )]

forany k = 1, ..., K is intractable due to the intractability of SW with the expectation with respect
to the uniform distribution over the unit-hypersphere. Therefore, Monte Carlo estimation is used.
In particular, projecting directions 61, ..., 0y, are sampled i.i.d from ¢/(S?~!), and the stochastic
gradient estimator is formed:

L
1
VeSWp (e, k) ~ I E Ve Wh(Oifpg, Orfp)- 3
=1

With the stochastic gradient, the SWB can be solved by using a stochastic gradient descent algorithm.
We refer the reader to Algorithm[I]in Appendix [B]for more detail. Specifically, we now discuss the
discrete SWB i.e., marginals and the barycenter are discrete measures.

Free supports barycenter. In this setting, we have pgy = 23" 6., e = L3 6, and

¢ = (x1,...,2,), we can compute the (sub-)gradient with the time complexity (’)(le logn):
Vzlwgwﬁﬂqﬁy aﬁﬂk) = p‘e—l—xz - HTya(i)|p_1Sign(9Txi - eTyJ(i))97 (4)

where 0 = 0; o 051 with oy and o5 are any sorted permutation of {x1,...,2,} and {y1,...,yn}.

Here, [n] denotes the set {1,2,...,n}, o1 : [n] — [n] is the permuation function such that =, (1) <
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Toy2) < oov < Zpy(n) OF Toy(1) > Tgy(a) = -on > Loy (n). Similarly, o5 : [n] — [n]] is the
permuation function such that y5, (1) < You2) < -+ < You(n) OF Yoa(1) = You(2) = -+ - = You(n)
and o5 ! is the argsort operator. The transport map is contructed as ¢ = o o oy L

Fixed supports barycenter. In this setting, we have 115 = oy Dibass e = D Bilzys 2oy Gi =
Sor Biand ¢ = (41, ..., ¢,). We can compute the gradient as follows:

VoW (08pg, 0pe) = £, 6))

where f* is the first optimal Kantorovich dual potential of W5 (614, 0411;) which can be obtained
with the time complexity of O(nlogn). We refer the reader to Proposition 1 in (Cuturi & Doucet,
2014)) for the detail and Algorithm 1 in (Séjourné et al., [2022)) for the computational algorithm.

When the supports or weights of the barycenter are the output of a parametric function, we can use
the chain rule to estimate the gradient of the parameters of the function. For the continuous case,
we can approximate the barycenter and marginals by their empirical versions, and then perform the
estimation in the discrete case. Since the sample complexity of SW is O(n_l/ 2) (Nadjahi et al.,
2019; Nguyen et al., 2021} [Manole et al., 2022} Nietert et al.| [2022), the approximation error will
reduce fast with the number of support n increases. Another option is to use continuous Wasserstein
solvers (Fan et al.|[2021; [Korotin et al., 2022} |Claici et al.,|2018]), however, this option is not as simple
as the first one.

Sliced Multi-marginal Wasserstein Distance. Given K > 1 marginals j1,...,ux € Pp(R%),
Sliced Multi-marginal Wasserstein Distance (Cohen et al.,[2021) (SMW) is defined as:
SMWPE(p1.xc;¢) =E [ inf /c(@Tml,...,HTxK)pdﬁ(:vl,...,xK)} , 6)
mEI(p1,eo o K )

where the expectation is under 6 ~ /(S?~!). When using the barycentric cost i.e.,

K p
Tag — E B0z

k'=1

3

K
0z, .0 T )P = B |0
=1

for By >0 Vkand ), B = 1. Minimizing SMWP (1.5, p1; ¢) with respect to ju is equivalent to
a barycenter problem. We refer the reader to Proposition 7 in (Cohen et al.,|2021) for more detail.

3 MARGINAL FAIRNESS SLICED WASSERSTEIN BARYCENTER

We first formally define the marginal fairness Sliced Wasserstein barycenter in Section We
then propose surrogate problems in Section[3.2] Finally, we discuss the connection of the proposed
surrogate problems to sliced multi-marginal Wasserstein in Section[3.3]

3.1 FORMAL DEFINITION

Now, we define the Marginal Fairness Sliced Wasserstein Barycenter (MFSWB) problem by adding
marginal fairness constraints to the SWB problem.

Definition 1. Given K > 2 marginals juiy,. .., ux € Py(R?), admissible e > 0 fori =1,..., K
and j =1+ 1,..., K, the Marginal Fairness Sliced Wasserstein barycenter (MFSWB) is defined as:

K
min 7= Z D) St s E-DE Z Z ISWp (ks pi) = SWp(p, py)| < e (7)
k: 1=1 j=1i+1
Remark 1. We want € in Definition to be close to 0 i.e., p1, ..., lix are on the SW,-sphere with

the center u. However, for a too-small value of ¢, there might not exist a solution p.

Duality objective. For admissible € > 0, there exist a Lagrange multiplier A such that we have the
dual form

K

11y A Z My E-DE Z Z ISWD (1, i) — SWp(p, 1) — Ae. (8)

k: i=1 j=i+1
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Computational challenges. Firstly, MFSWB in Definition|[T|requires an admissible € > 0 to guarantee
the existence of the barycenter u. In practice, it is unknown if a value of ¢ satisfies such a property.
Secondly, given an ¢, it is not trivial to obtain the optimal Lagrange multiplier A* in Equation equa-
tion [8]to minimize the duality gap, which can be non-zero (weak duality). Thirdly, directly using the
dual objective in Equation equation [§|requires hyperparameter tuning for A\ and might not provide
a good landscape for optimization. Moreover, we cannot obtain an unbiased gradient estimate of
¢ in the case of the parametric barycenter ji4. In greater detail, the Monte Carlo estimation of the
absolute distance between two SW distances is biased. Finally, Equation equation[§|has a quadratic
time complexity and space complexity in terms of the number of marginals, i.e., O(K?).

3.2 SURROGATE DEFINITIONS

Since it is not convenient to use the formal MFSWB in applications, we propose three surrogate
definitions of MFSWB that are free of hyperparameters and computationally friendly.

First Surrogate Definition. Motivated by Fair PCA (Samadi et al.,[2018]), we propose a practical
surrogate MESWB problem that is hyperparameter-free.

Definition 2. Given K > 2 marginals pq, ..., ux € ’Pp(Rd), the surrogate Marginal Fairness
Sliced Wasserstein Barycenter (s-MFSWB) problem is defined as:
min SF(p; p:r);  SF(psprx) = max SWP(u, pix). 9)
Iz ke{l,....K}

The s-MFSWB problem tries to minimize the maximal distance from the barycenter to the marginals.
Therefore, it can minimize indirectly the overall distances between the barycenter to the marginals
and implicitly make the distances to marginals approximately the same.

Gradient estimator. Let j14 be paramterized by ¢ € @, and F (¢, k) = SWP (g, j1x), we would like
to compute V4 maxyeq1,... k3 F (¢, k). By Danskin’s envelope theorem (Danskin, 2012), we have:
\Y% F(p, k) = Ve F(d, k*) = VeSWE (1, g+ ),

? e lax (¢, k) oF (0, k") sSWh (116, poic+)
for k* = argmaxcqy . gy F (¢, k). Nevertheless, k* is intractable due to the intractablity of

SWP (g, px) for k =1,..., K. Hence, we can form the estimation

k* = argmax SW, (g, ui; L)

ke{l,...,K}
where ﬁg(u@ s L) = 1500 WE (O, Orfiy) with 01,0, "L U(S?L). Then, we can
estimate V. SW7 (1, 17, ) as in Equation 3} We refer the reader to Algorithm [2]in Appendix [B|for
the gradient estimation and optimization procedure. The downside of this estimator is that it is biased.

Second Surrogate Definition. To address the biased gradient issue of the first surrogate problem, we
propose the second surrogate MFSWB problem.

Definition 3. Given K > 2 marginals 1, ..., ux € Pp(Rd), the unbiased surrogate Marginal
Fairness Sliced Wasserstein Barycenter (us-MFSWB) problem is defined as:

HEDUSF(/J;MLK); USF (s i) = Egrrgsa—) keglaxK}Wﬁ’(ﬁﬁuﬁﬁuk) : (10)

In contrast to s-MFSWB which minimizes the maximal SW distance among marginals, us-MFSWB
minimizes the expected value of the maximal one-dimensional Wasserstein distance among marginals.
By considering fairness on one-dimensional projections, us-MFSWB can yield an unbiased gradient
estimate which is the reason why it is named as unbiased s-MFSWB.

Gradient estimator. Let g be paramterized by ¢ € @, and F(0,¢,k) = WP (04us, 04u),
we would like to compute VgEg. sa—1[maxpeqi, . k3 F(0,,k)] which is equivalent to
Egga-1[Vymaxpeqr,.. xy F(0, ¢, k)] due to the Leibniz’s rule. By Danskin’s envelope theorem,
we have:

.....

v¢ keffnl,a}fK} f(ev ¢7 k) = v¢"r(97 d)a k*) = vcbwg(gﬁ/ifih eﬁﬂk*)a
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for kj = argmaxcqy . k) F (0, ¢, k) where we can estimate VW5 (0116, 0815, ) can be com-
puted as in Equation Overall, with 04, ...,0p, i U (Sd’l), we can form the final estimation
1 Zle Ve WE(Oifpg, Ol]iukgl ) which is an unbiased estimate. We refer the reader to Algorithmin

Appendix |B|for the gradient estimation and optimization procedure.
Proposition 1. Given K > 2 marginals p1.xc € Pp(R?), we have SF(pu; pi1.x) < USF (15 1. x)-

Proof of Proposition [I]is given in Appendix[A.T] From the proposition, we see that minimizing the
objective of us-MFSWB also reduces the objective of s-MFSWB implicitly.

Proposition 2. Given K > 2 marginals j1, . . ., i € ’Pp(Rd), 04,...,0L i U(S1), we have:

L
1 1 1
E\Ver D WE(Oilipg, Ot ) — VUSF (s i) | < 7ZVar [V WE (8311, 02p115)] * . (11)
=1

where ki = argmaxycqy iy W (08pg, Ofur); and the expectation and variance are under the
random projecting direction 6 ~ U(S?~1)

Proof of Proposition [2]is given in Appendix[A.2] From the proposition, we know that the approxi-
mation error of the gradient estimator of us-MFSWB reduces at the order of O(L~'/2). Therefore,
increasing L leads to a better gradient approximation. The approximation could be further improved
via Quasi-Monte Carlo methods (Nguyen et al., 2024a).

Third Surrogate Definition. The us-MFSWB in Definition 3| utilizes the uniform distribution as the
slicing distribution, which is empirically shown to be non-optimal in statistical estimation (Nguyen
et al.| [2021)). Following the slicing distribution selection approach in (Nguyen & Hoj [2023)), we
propose the third surrogate with a new slicing distribution that focuses on unfair projecting directions.

Marginal Fairness energy-based Slicing distribution. Since we want to encourage marginal fairness,
it is natural to construct the slicing distribution based on fairness energy.

Definition 4. Given K > 2 marginals 1, ..., px € Pp(R?), the Marginal Fairness energy-based
Slicing distribution o (0; i, p11.1c) € P(S?™Y) is defined with the density function as follow:

. 14
fo(evlj‘a MliK) X exp (ke{r{laxK} Wp (%My%ﬂk)) 5 (12)

.....

We see that the marginal fairness energy-based slicing distribution in Definition ] put more mass to a
projecting direction 6 that has the larger maximal one-dimensional Wasserstein distance to marginals.
Therefore, it will penalize more marginally unfair projecting directions.

Energy-based surrogate MFSWB. From the new proposed slicing distribution, we can define a new
surrogate MFSWB problem, named Energy-based surrogate MFSWB.

Definition 5. Given K > 2 marginals (1, ..., ux € Pp(Rd), the energy-based surrogate Marginal
Fairness Sliced Wasserstein Barycenter (es-MFSWB) problem is defined as:

IIgHSSf(u;m:K); ESF (s p1:x) = Bomo(0rpiprre) | max  WE(O0fu, O0fux)| . (13)

Similar to the us-MFSWB, es-MFSWB also employs the implicit one-dimensional marginal fairness.
Nevertheless, es-MFSWB utilizes the marginal fairness energy-based slicing distribution to reweight
the importance of each projecting direction instead of treating them equally.

Proposition 3. Given K > 2 marginals j11.rc € Pp(RY), we have USTF (11 pa.1c) < ESF (15 pa.x¢ )-

Proof of Proposition[3]is given in Appendix[A.3] According to the proposition, we see that minimizing
the objective of es-MFSWB implicitly reduces the objective of us-MFSWB thereby decreasing the
objective of s-MFSWB as well (Proposition [T)."

Gradient estimator. Let g be parameterized by ¢ € ®, we want to estimate V ,ESF (1g; f1:k)-
Since the slicing distribution is unnormalized, we use importance sampling to form an estimation.
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With 64,...,0L ety (S4=1), we can form the importance sampling stochastic gradient estimation:

exp (W;’wlli/h Oitpur;, ))

L
T2 [exp (Wff (Bt 9¢ﬁuk;i)>]
which can be further derived by using the chain rule and previously discussed techniques. It is worth

noting that the above estimation is only asymptotically unbiased. We refer the reader to Algorithm 4]
in Appendix |B|for the gradient estimation and optimization procedure.

L

N 1

VESF (g p:rc, L) = I E Vo | W5 (Oitn, Ot )
=1

Computational complexities of proposed surrogates. For the number of marginals K, the three
proposed surrogates have a linear time complexity and space complexity i.e., O(K) which is the
same as the conventional SWB and is better than O(K?) of the formal MFSWB. For the number of
projections L, the number of supports n, and the number of dimensions d, the proposed surrogates
have the time complexity of O(Ln(logn + d)) and the space complexity of O(L(n + d)) which are
similar to the formal MFSWB and SWB.

3.3 SLICED MULTI-MARGINAL WASSERSTEIN DISTANCE WITH MAXIMAL GROUND METRIC

To shed some light on the proposed substrates, we connect them to a special variant of Sliced
multi-marginal Wasserstein (SMW) (see Equation [6)) i.e., SMW with the maximal ground metric
@ xy,...,0" xK) = ma; 0"z, — 0" ;.
(6 o K) ie{l,...,K},j}é{l,...,K}| ! il
We first show that SMW with the maximal ground metric is a generalized metric on the space of
probability measures.

Proposition 4. Sliced multi-marginal Wasserstein distance with the maximal ground metric is a
generalized metric i.e., it satisfies non-negativity, marginal exchangeability, generalized triangle
inequality, and identity of indiscernibles.

Proof of Proposition ]is given in Appendix [A.4] It is worth noting that SMW with the maximal
ground metric has never been defined before. Since our work focuses on the MESWB problem, we
will leave the careful investigation of this variant of SMW to future work.

Proposition 5. Given K > 2 marginals py,...,ux € Pp(Rd), the maximal ground metric
c0Tzy,...,0 xg) = MaxX;e(1,... . K},je{l,..K} 0T z; — t‘)ij , we have:
HI}iDUSf(m;uz:K) < r{}inSMWZ,’(ul,m, o HEGC). (14)

Proof of Proposition [5]is given in Appendix [A.5|and the inequality holds when changing 1 to any
w; withi =2, ... K. Combining Propositi we have the corollary of min,,, SF(p1; po:x) <
min,, SM W;’(ul, U2, - - -, bxc; ¢). From the proposition, we see that minimizing the us-MFSWB is
equivalent to minimizing a lower bound of SMW with the maximal ground metric. Therefore, this
proposition implies the us-MFSWB could try to minimize the multi-marginal distance. Moreover,
this proposition can help to understand the proposed surrogates through the gradient flow of SMW.
We can further extend the proposition to show the minimizing es-MFSWB objective is the same as
minimizing a lower bound of energy-based SMW with the maximal ground metric, a new special
variant of SMW. We refer the reader to Propositon [6|in Appendix [B]for more detail.

4 EXPERIMENTS

In this section, we compare the barycenter found by our proposed surrogate problems i.e., s-MFSWB,
us-MFSWB, and es-MFSWB with the barycenter found by USWB and the formal MFSWB. For
evaluation, we use two metrics i.e., the F-metric (F) and the W-metric (W) which are defined as
follows:

K-1 K K
2 1
F=—— wr i) T wr s K5 )1 W=— wr s Mg )y
K(K*U;j;ll Py i) = WE (1, p15)| K; (1, 1)
where p is the barycenter, p,. .., ik are the given marginals, and W) is the Wasserstein dis-
tance (Flamary et al.;,[2021) of the order p. Here, the F-metric represents the marginal fairness degree
of the barycenter and the W-metric represents the centrality of the barycenter. For all following

experiments, we use p = 2 for the Wasserstein distance and barycenter problems.
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Figure 2: Barycenters from USWB, MFSWB with A = 1, ss-MFSWB, us-MFSWB, and es-MFSWB along
gradient iterations with the corresponding F-metric and W-metric.

4.1 BARYCENTER OF GAUSSIANS

We first start with a simple simulation with 4 marginals which are empirical distributions with
100 i.i.d samples from 4 Gaussian distributions i.e., N'((0,0), ), N'((20,0), I), N'((18,8), ), and
N ((18, —8), I). We then find the barycenter which is represented as an empirical distribution with
100 supports initialized by sampling i.i.d from A'((0, —5), I). We use stochastic gradient descent
with 50000 iterations of learning rate 0.01, the number of projections 100. We show the visualization
of the found barycenters with the corresponding F-metric and W-metric by using USWB, s-MFSWB,
us-MFSWB, and es-MFSWB at iterations 0, 1000, 5000, and 50000 in Figure ‘We observe that
the USWB does not lead to a marginal fairness barycenter. The three proposed surrogate problems
help to find a better barycenter faster in both two metrics than USWB. At convergence i.e., iteration
50000, we see that USWB does not give a fair barycenter while the three proposed surrogates lead to
a more fair barycenter. Among the proposed surrogates, es-MFSWB gives the most marginal fairness
barycenter with a competitive centerness. The formal MFSWB (dual form with A = 1) leads to the
most fair barycenter. However, the performance of the formal MESWB is quite sensitive to A\. We
also observe the same phenomenon for different choices of learning rate in Figure[5]in Appendix [D]
We show the visualization for A = 0.1 and A = 10 in Figure[6]in Appendix D}

4.2 3D POINT-CLOUD AVERAGING

We aim to find the mean shape of point-cloud shapes by casting a point cloud X = {z1,...,z,}
into an empirical probability measures Px = % > i 0s,. We select two point-cloud shapes which
consist of 2048 points in ShapeNet Core-55 dataset (Chang et al,[2015). We initialize the barycenter
with a spherical point-cloud. We use stochastic gradient descent with 10000 iterations of learning rate
0.01, the number of projections 10. We report the found barycenters for two car shapes in Figure 3] at
the final iteration and the corresponding F-metric and W-metric at iterations 0, 1000, 5000, and 10000




Published as a conference paper at ICLR 2025

usws MFSWB sMFSWB. us-MFSWB es-MFSWB

Figure 3: Averaging point-clouds with USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB.

Table 1: F-metric and W-metric along iterations in point-cloud averaging application.

| Method | Tteration 0 | Iteration 1000 | Iteration 5000 | Iteration 10000 |
| F) W) | FW) wd) | Fd W) | F) W) |
USWB 252244+ 0.0 3746.05+0.0 | 4.89+0.28 85.72+0.18 | 3.79+0.32  45.37+0.18 1.55+0.48  39.81+0.18
MESWB A = 0.1 | 252.24+0.0 3746.05+0.0 | 476 +£0.27 84.86+0.17 | 3.78 £0.2 45.24+0.11 1.32£0.22 39.73 £0.16
MFESWB A =1 252.24+0.0 3746.05+0.0 | 0.49+0.2 79.08+0.15 | 3.64+0.26 44.71+0.19 1.03 £0.06 39.45 £0.18
MESWB A =10 | 252.24+0.0 3746.05+0.0 | 4.03+243 71.24+0.9 | 7.32+2.5 45.21+0.2 4.13+2.48 42.56 £0.36
s-MFSWB 252.24+0.0 3746.05+0.0 | 2.52+£0.77 81.84+0.14 | 4.01 £0.38 44.9+0.13 1.15+0.09 39.58 £0.17
us-MFSWB 252.244+0.0 3746.05+0.0 | 0.3+0.18 78.69+0.17 | 3.74+0.26  44.38+0.1 0.87+0.18 39.26 £0.1
es-MFSWB 252.24+0.0 3746.05+0.0 | 0.2+0.19 78.1+0.16 | 3.5+0.29 44.37+0.08 | 0.84 +£0.22 39.18+0.08

in Table |I| from three independent runs. As in the Gaussian simulation, s-MFSWB, us-MFSWB,
and es-MFSWB help to reduce the two metrics faster than the USWB. With the slicing distribution
selection, es-MFSWB performs the best at every iteration, even better than the formal MESWB with
three choices of A i.e., 0.1,1,10. We also observe a similar phenomenon for two plane shapes in
Figure[7)and Table3]in Appendix [D] We refer the reader to Appendix [D]for a detailed discussion.

4.3 COLOR HARMONIZATION

We want to transform the color palette of a source image, denoted as X = (x1,...,x,) for n is the
number of pixels, to be an exact hybrid between two target images. Similar to the previous point-cloud
averaging, we transform the color palette of an image into the empirical probability measure over
colors (RGB) i.e., Px = 1 3"  §,.. We then minimize barycenter losses i.e., USWB, MESWB
(A € {0.1,1, 10}) s- MFSWB us- MFSWB and es-MFSWB by using stochastic gradient descent
with the learnlng rate 0.0001 and 20000 iterations. We report both the transformed images and the
corresponding F-metric and W-metric in Figure[d] We also report the full results in Figure 8} [I0]in
Appendix [D] As in previous experiments, we see that the three proposed surrogates yield a better
barycenter faster than USWB. The proposed es-MFSWB is the best variant among all surrogates since
it has the lowest F-metric and W-metric at all iterations. We refer the reader to Figure [[T}Figure[T4]in
Appendix |D|for additional flowers-images example, where a similar relative comparison happens.
For the formal MFSWAB, it is worse than es-MFSWB in one setting and better than es-MFSWB in
one setting with the right choice of A. Therefore, it is more convenient to use us-MFSWB in practice.

4.4 SLICED WASSERSTEIN AUTOENCODER WITH CLASS-FAIR REPRESENTATION

Problem. We consider training the sliced Wasserstein autoencoder (SWAE)(Kolouri et al., 2018))
with a class-fairness regularization. In particular, we have the data distributions of K > 1 classes i.e.,
wr € P(RY) for k = 1,..., K and we would like to estimate an encoder network f,; : R? — R"
(¢ € ®) and a decoder network gy, : R" — R? (1) € ¥ with R" is a low-dimensional latent space.
Given a prior distribution 190 € P(R"), p > 1, k1 € RT, k3 € R*, and a minibatch size M > 1, we
perform the following optimization problem:

o o ZZ e(Xi g (Fo( X)) + w1 SWY (P2, Py, xyie,) + w2B(Fz Prox) : Pro(xio)
where (X1,..., Xg) ~ ,u?M@. . .®M%M, Z ~ ,ug@M, cis areconstruction loss, Pz = ﬁ Zi\il 0z,

1 K M 1 M
Ploxi)s | = TaF 2otmt 2zt Oy (Xni)s Pro(x) = 77 2oim1 Opy(xy) fork=1,... K, and B
denotes a barycenter loss i.e., USWB, MFSWB, s-MFSWB, us-MFSWB, and es-MFSWB. This
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Figure 4: Harmonized images from USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB.
Table 2: Results of grid search for learning rates in {0.0001,0.0005, 0.001} for training SWAE.

| Methods | RLA) | W jem X 10° (1) | W3 imgee X 102 (D) [ Ex 10° (D) | W x 10° (1) | Finages (D) |
SWAE 3.002 9.949 26.572 17.661 28.512 7.787
USWB 3.195 9.174 27.446 5.190 12.448 7.140
MFSWB A = 0.1 2.812 8.981 26.636 17.206 28.734 7.846
MFSWB A = 1.0 2.883 7.978 26.355 18.069 29.701 7.367
MFSWB A\ =10.0 | 3.801 8.497 26.658 18.501 28.768 7.950
s-MFSWB 3.170 7.806 28.277 2.037 8.699 7.419
us-MFSWB 2.833 8.720 27.939 2.072 7.780 6.898
es-MFSWB 3.056 9.154 28.012 1.760 7.268 7.485

setting can be seen as an inverse barycenter problem i.e., the barycenter is fixed and the marginals are
learnt under some constraints (e.g., the reconstruction loss and the aggregated distribution loss).

Results. We train the autoencoder on MNIST dataset (LeCun et al, [1998) (d = 28 x 28) with
k1 = 8.0, ko = 0.5, 250 epochs, using a uniform distribution on a 2D ball (h = 2) as g with differnt
learning rates: {0.0001, 0.0005,0.0008,0.001} and do grid search on each method, reporting their
best score for each metric. Following the training phase, we evaluate the trained autoencoders on
the test set. Similar to previous experiments, we use the metrics F (Flaen) and W (Wi,ent) in the
latent space distributions fyfij1,. .., felitx and the barycenter 119. We use the reconstruction loss
(binary cross-entropy, denoted as RL), the Wasserstein-2 distance between the prior and aggregated

posterior distribution in latent space w;lm = W3 (,uo, % Zszl f¢ﬂuk>, as well as in image

space Wg,image = W2 (gw o, % Zszl ,uk>. Furthermore, we quantify the practical effect of the

method by measuring Fairness metric in Image space. During evaluation, we approximate 1t by its
empirical version of 10000 samples. We report the quantitative result of grid search in Table[2] and
reconstructed images, generated images, and images of latent codes in Figure [I3]in Appendix
From the results, the proposed surrogate MESWB generally yield better scores than USWB, except
for the generative score i.e, W%)image. The formal MFSWB performs well in reconstruction loss and

Wg’image, though its F and W scores are high. The W;lmem varies slightly across runs, with minor
differences in performance order, indicating relatively similar results. While us-MFSWB achieves
the best Fimages score, indicating the best fairness performance in image space, es-MFSWB excels in
fairness within the latent space. Compared to conventional SWAE, using a barycenter loss results in a

more class-fair latent representation but sacrifices image reconstruction and generative quality.

5 CONCLUSION

We introduced marginal fairness sliced Wasserstein barycenter (MFSWB), a special case of sliced
Wasserstein barycenter (SWB) which has approximately the same distance to marginals. We first
defined the MFSWB as a constrainted uniform SWB problem. After that, to overcome the com-
putational drawbacks of the original problem, we propose three surrogate definitions of MESWB
which are hyperparameter-free and easy to compute. We discussed the relationship of the proposed
surrogate problems and their connection to the sliced Multi-marginal Wasserstein distance with the
maximal ground metric. Finally, we conduct simulations with Gaussian and experiments on 3D
point-cloud averaging, color harmonization, and sliced Wasserstein autoencoder with class-fairness
representation to show the benefits of the proposed surrogate MESWB definitions. Future works
will focus on replacing SW with other metrics such as generalized sliced Wasserstein

2019) and augmented sliced Wasserstein (Chen et al.| 2022).

10
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Supplement to “Marginal Fairness Sliced Wasserstein
Barycenter'

We present skipped proofs in Appendix [A] We then provide some additional materials which are
mentioned in the main paper in Appendix[B| After that, related works are discussed in Appendix[C| We
then provide additional experimental results in Appendix D] Finally, we report the used computational
devices in Appendix

A PROOFS

A.l1 PROOF OF PROPOSITION[I]

Proof. From Definition 2] we have

SF(p, p1:i) = kegaXK}SW,’,’(u, i)

= e, Egui(si-—1) Wy (081, O8]

Let k* = argmaxye 1, xy Egrai(si-—1) W5 (081, 0811 )], we have
SF (s p1:xc) = Egggqga—1) [WE (081, 0Fpun- )]
< Epu(sa1) penax, Wh (084, 084ur.)
= Z/{S—F(#a ,LLIZK)v
as from Definition [3] which completes the proof.

A.2 PROOF OF PROPOSITION 2]

Using the Holder’s inequality, we have:

L
1
E V¢Z ZWZ(HzﬂM, alﬂukgl) = VoUSF (e p1:x)

=1

1
2\ 2

IN

E

L
1
Vor N WO, Oty ) — VoUSF (pg; p:rc)
=1

[SE

L 2
=|E <V¢i Zwﬁ(ezﬁ/w, Oufipur; ) — VE (WP (08119, 911/%;)])

=1

[N

L 2
=|E (i > VeWE (O, Otpr; ) — E [VoWp (0416, aﬁﬂkg)]>

=1
(Var

1
= —=Var [V, W5 (0pg, Ofpurs )| 2

VL

which completes the proof.

L 2
1
7 Z Ve Wo(0if1g, Qzﬁﬂk;l )] >

=1

(NI

A.3 PROOF OF PROPOSITION[3]

We first restate the following Lemma from (Nguyen et al.| 2024b)) and provide the proof for com-
pleteness.
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Lemmal. Forany L > 1,0<a; <ax <...<apand0 < by <by <...<bp, we have:
1 L L

Proof. For L = 1, we directly have a;b; = a;b;. Assuming that for L the inequality holds i.e.,

%(Zle az)(Zf 1bi) < Zz 1 a;b; which is equlvalent to (ZL 1 az)(ZZL 1bi) < LZZ 1 aib;.
Now, we show that 11;(2sz1 az)(ZlL 1bi) < Zl 1 @ib; i.e., the inequality holds for L + 1. We have

L+l L4l L L L
(Z ai)(Zb Z‘lz Z i) + (Z ai)bry1 + (Z bi)ar+1 +artibrya
=1 =1 i=1 i=1 1 i=1

L L L
LZ a;b Z a;)br41 + Z bj)ar41 + ar+1br41-
=1

i=1

Since ar1br4+1 + ab; > ap41b; + bryia; for all 1 < ¢ < L by rearrangement inequality. By
taking the sum of these inequalities over ¢ from 1 to L, we obtain:

L L L
O abryr+Q_biars <Y abi+ Lapyibrya.
i=1 i=1 i=1
Then, we have
L+1 L+1
Z a, Z b < LZazb + Za, bry1 + Zb')aL.H +ar+1br41
1=1 s -
<L Z aib; + Z aib; + Lar1br41 +ar41br41
i=1 . i=1
= (L+ 1) aiby),
i=1
which completes the proof. O

Now, we go back to the main inequality which is USF (u; 1.5 ) < ESF(w; pt1.x ). From Defini-
tion[5} we have:

88]:(/1'7 MI:K) EONU(@ 1K) |: max WZI; (Hﬁ,u, eﬁuk)]

ke(l,...K}
fa(e;lu’vlfflzK)
= Eg(si-1) [kegﬁ?fl(} Wé)(t‘)ﬁuﬁﬁﬂk)w ,

where f,(0; p, 1) X exp (maxke{l _____ K} W;’(@ﬁu,ﬁﬁuk)). Now, we consider a Monte Carlo
estimation of ESF (u; 1.5 ) by importance sampling:

L

s 1 exp (maxge 1,y W2 (O, Ot
ESF (ps p1:ic, L Z max WP(HlﬁM, O pr) ( el K} Pp ” )

l=1 ke{l,.. Z —1 €Xp (maxke{l,...,K} W5 (0:fu, eiﬂﬂk))
where 61,...,0; i U(S?1). Similarly, we consider a Monte Carlo estimation of USF (j1; 1.5 ):

UST (1; pir: WP(6,40, 0

.7:(/'47 /J/I.K7 L Z |:k€{1,..).{,K p( lﬂ/’[’a lﬁ;u/k)
for the same set of 6q,...,0L. Without losing generality, we assume that
maxpeqy,...xy WhH (O, Oifipe) < ... < maxpeqr,. xy WEH(OLHp, Oriug). Let
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maxge(1,..., k) WE (i, Oifpr) = a; and exp (maxyeqy,. iy WE(0ifp, 0iflur)) = bi, ap-
plying Lemma[T} we have:

USTF (1; i, L) < ESF (i prrere, L) VL > 1.
By letting L — oo and applying the law of large numbers, we obtain:
USF (s pi:xc) < ESF (15 i)

which completes the proof.

A.4 PROOF OF PROPOSITION[4]

We first recall the definition of the SMW with the maximal ground metric:

SMWP(u1,...,pux;c) =E inf a 0"z, — 0"z |Pdr(zy, ...,
p i ©) LEH(J?,...,HK)/ie{l,“.,Kn}l,j}e({l,...,K}| i 2" dm x)

Non-negativity. Since max;c(1, .k} jef1,.. x} |0 @ — 0 x;|P > 0 for any z1,..., 2k and
for any 6, we can obtain the desired property SM Wlff(ul, ...y pi;c) > 0 which implies
SMWP(M%MMK7C) > 0.

Marginal Exchangeability. For any permutation o : [[K]] — [[K]], we have:

SMWP(uy,...,uk;c) =E inf / max 0"z, — 0" x;Pdn(xy,. .., x }
T (#1 Hi ) |:7r€H(p,1,...,p,K) iE{l,...,K},jG{l,...,K}| J| ( ! K)

=E { inf / max 107 Gszpdw(xl,...,a:K)}
TK'EH(N,.,(l),...,HU(K)) ie{l,...,K},je{l,...,K}

= SMW;)(/JJU(I)v s 7/~‘LU(K);C)'

Generalized Triangle Inequality. For i € P,(R?), we have :

SMWE(u1, ..., px;c)

=E inf / max 0Tz, — 0" 2 Pdn(xy, ... ,xK)]
| mEI (155 i) i€{l,....K},je{1,....K}

K
<E inf /Z max 072 — 0" z;Pdn(zy,. .. 2K)
_TrEH(;Ll,...,;J,K) =1 i€{1,....,K}\{k},7€{1,....K}\{k}

K
=K inf / max 0Tz, — 0"z |Pdn(zy, ...,
| 7€Mkt ; ie{1,...,K}\{k},je{l,...,K}\{k}| il dm (o K)

[ K
=F 0Tz, — 0"z |Pdn*(z1,. .., 25_1, That, ...
_;/z‘e{l,...,K}\{I?}lf?é{l,...x}\{k}| 7m0l S, B xK)]

for 7* is the optimal multi-marginal transportation plan and 7*(z1,...,Zk—1,Zk+1, Tk ) is the
marginal joint distribution by integrating out x,. By the gluing lemma (Peyré & Cuturil 2020), there
exists optimal plans 7* (1, ..., Zk—1, Y, Tk+1, ¢k ) for any k € [[K]] and y follows ;.. We further
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have:

SMW;D(:UhaMK’c)

K
=F Z/max ( D oe 10Tz, — 0" a7,
k=1 ie{l,.... K\ {k},s€{1,.... K }\{k}
ma 0Tz, — 0T ylP Vdr (1, ... Th1s Yy Thosds - T
ie{l,...,K}'i}\{k}' y[" ) dr* (2 k—15Ys Tht1 K)]
= E { inf / max |9Tﬂfz‘ _ Qij\de(l‘h L TK)
TETI(U1 o filom 1 b4 1o oiic) J  $€{L, K} 5€{L,... . K}

1= T

SMW;;(N’D'~'7ﬂkflwu,/lk+1a'~~;MK;C)~

E
Il
—

Applying the Minkowski’s inequality, we obtain the desired property:

K

SMWP(.ulw"?,uK;C) < ZSMWp(/Ll,..-7[Lk_1,ﬂ7,llk+1,.--,,LLK;C)-
k=1

Identity of Indiscernibles. From the proof in Appendix [A.3] we have:

SMWP(uy. ... pugic) > E WP (0% 0:, O
P, prcie) > Le{l,...,é?i)é{l,i..,K} P (08, 08105)

= E [WP(04u;, 0,
_ie{l,i.wKH}l?}é{lwwK} [ p(ﬁﬂ ﬁug)]

= wP iy Mg ).

ie{1,...,KH}13)é{1,...,K} p (1> 1)

Therefore, when SM W, (1, ..., pixc; ¢) = 0, we have SWP (i, 1) = 0 which implies 1; = p; for
any i,j € [[K]]. As aresult, uy = ... = pg from the metricity of the SW distance. For the other
direction, it is easy to see that if u; = ... ux, we have SMW,(u1,. .., ux;c) = 0 based on the
definition and the metricity of the Wasserstein distance.

A.5 PROOF OF PROPOSITION[3]

Given the maximal ground metric ¢(0 " z1,...,0 " xx) = max;e1, Ky jeqr,.. k3 0 @i — 0 x5l
from Equation [6]

SMWIf(Ml,...,MK;c):E{ inf ) )/C(eTl‘l,...,GTJ,‘K)pdT((xl,...,Z‘K):|

=E { inf / max 0Tz, — 0" 2 |Pdn(xy,. .. oK)
re€ll(pr,...px) ) 1€{l,....,K},j€{1,....K}

By Jensen inequality i.e., (21,...,2x) — max; ; 0Tz, — 0T x;|P is a convex
) ) ie{1,...,K},je{1,....K} J

function, we have:

,,,,,

inf

SMWP(uy,...,ux;c) > E i max
pm pic; ) | w € (por,..opirc) i€{1,..., K}, j€{1,....K}

Using max-min inequality, we have:

SMWP(uy,...,px;¢) > E max inf /GTmifGTx-pdﬂx,...,x
P 2B x| Pdn(en, .. o)
>E max inf )/ 072 — 0"z Pdr(z;, x5)

Lie{1,...K},j€{l,.... K} 7€M (pi,p;

- ]E Wp 9 ivg ] .
_ie{l,...,KH}»li)é{l,m7K} p( Ijﬂ Ij/ij)]
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Algorithm 1 Computational algorithm of the SWB problem

Input: Marginals p1, ..., ux, p > 1, weights w, . . . , wg, the number of projections L, step size
7, the number of iterations 7'.
Initialize the barycenter (14
fort =1to7 do
Set Vg =0
Sample 6; ~ U(S?1)
for =1to L do
for k=1to K do
SetVy = Vg + V¢%Wg(9lﬁu¢, 018 1r)
end for
end for
¢=¢—nVy
end for
Return: 114

Algorithm 2 Computational algorithm of the s-MFSWB problem

Input: Marginals p1,...,ux, p > 1 the number of projections L, step size 7, the number of
iterations 7.

Initialize the barycenter (14

fort =1toT do

Set V¢ =0
Sample 0; ~ U(S?1)
B =

for k =1to K do
for! =1to L do

if %*2%1 WE (O, Outen) > £ 521 WE (0185, 0180k ) then

end if
end for
end for
Vo =Vo+ 1 i1 VeWh(Oitug, Oitpur-)
¢=¢—nVy
end for
Return: g4

Therefore, minimizing two sides with respect to p1, we have:

min SMWPE (p1,. .., pirc; ¢) > minE

WP (0401, 011
H 1 Le{l ..... KIr}l%}é{l ,,,,, K} G ﬂﬂa)]

> minE WPrP(o 08
2 min LG{I??.},(K} (O, Ot )]

= n;ilnL{S]:(m;Mz:K%

which completes the proof.

B ADDITIONAL MATERIALS

Algorithms. As mentioned in the main paper, we present the computational algorithm for SWB in
Algorithm T} for s-MFSWB in Algorithm 2] for us-MFSWB in Algorithm 3] and for essMFSWB in
Algorithm 4]

Energy-based Sliced Multi-marginal Wasserstein. As shown in Proposition [5} us-MFSWB is
equivalent to minimizing a lower bound of SMW with the maximal ground metric. We now show
that es-MFSWB is also equivalent to minimizing a lower bound of a variant of SMW i.e., Energy-
based sliced Multi-marginal Wasserstein with the maximal ground metric. We refer the reader
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Algorithm 3 Computational algorithm of the us-MFSWB problem

Input: Marginals p, ..., ux, p > 1 the number of projections L, step size 7, the number of
iterations 7.
Initialize the barycenter (14
fort =1to T do
Set Vg =0
Sample 6; ~ U(S?1)
for! =1to Ldo
kr=1
for k =2to K do
if \]xg(az}iﬁ% Orfpr) > Wi (0ifiug, Oifip; ) then
endlif
end for
Vi =V + Vo1 Wh(Oitue, it ;)
end for
¢=¢—nVy
end for
Return: /1

Algorithm 4 Computational algorithm of the es-MFSWB problem

Input: Marginals p, ..., ux, p > 1 the number of projections L, step size 7, the number of
iterations 7'.
Initialize the barycenter /14
fort =1to T do
Set Vg =0
Sample 6; ~ U(S?1)
for! =1to Ldo
kr=1
for k =2to K do
if \]:C;(ngﬂm Orfpr) > Wi (0ifipg, Oifi; ) then
endlif
end for
end for

for =1to L do
exp(Wy (Outirig,Oultiey )

Yo = S exp(WE (0 B0 0 e )
end for '
Vg =V + Ve ptWh(Oif1g, 08 ;)
¢=0¢—n1Vy
end for
Return: /1

to Proposition [§] for a detailed definition. The proof of Proposition [6] is similar to the proof of
Proposition[5]in Appendix [A.5]

Proposition 6. Given K > 2 marginals p1,...,ux € Pp(Rd), the maximal ground metric
c@Txy,...,0 ) = MaX;e(1,.. . K},je{l, . K} 0T 2z; — HT:rj|, we have:
min ESF (puy; pro: i) < min ESMWE (i, pia, - - -, purc; €), (16)
M1 M1
where

ESMpr(/Ll,,U,Q,...,/LK;C)_E{ inf /C(QTozl,...,GTxK)pdﬂ'(xl,...,xK) ,
”EH(MIV“’H’K)
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USWB F=21352.12, W=178.99 MFSWB A = 1 F=2401.47, W=122.50 S-MFSWB F=8465.31, W=144.62 us-MFSWB F=3530.06, W=125.77 es-MFSWB F=616.9, W=106.74
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Figure 5: Barycenters from USWB, MFSWB with A = 1, s-MFSWB, us-MFSWB, and es-MFSWB with
learning rate 0.001 (first row), 0.005 (second row), and 0.05 (third row).

and the expectation is with respect to o(0) i.e.,

Jo (05 p1, pro: ) o< exp (ke{fgff?_fK} Wf(aﬁﬂh 9ﬁﬂk)) .

C RELATED WORKS

Fair Learning with Wasserstein Barycenter. A connection between fair regression and one-
dimensional Wasserstein barycenter is established by deriving the expression for the optimal function
minimizing squared risk under Demographic Parity constraints (Chzhen et al.} [2020). Similarly,
Demographic Parity fair classification is connected to one-dimensional Wasserstein-1 distance
barycenter in (Jiang et al., 2020). The work extends the Demographic Parity
constraint to multi-task problems for regression and classification and connects them to the one-
dimensional Wasserstein-2 distance barycenters. A method to augment the input so that predictability
of the protected attribute is impossible, by using Wasserstein-2 distance Barycenters to repair the data
is proposed in (Gordaliza et al., 2019). A general approach for using one-dimensional Wasserstein-1
distance barycenter to obtain Demographic Parity in classification and regression is proposed in (Silvial
2020). Overall, all discussed works define fairness in terms of Demographic Parity constraints
in applications with a response variable (classification and regression) in one dimension. In contrast,
we focus on marginal fairness barycenter i.e., using a set of measures only, in any dimensions.

Other possible applications. Wasserstein barycenter has been used to cluster measures in (Zhuang|
[2022). In particular, a K-mean algorithm for measures is proposed with Wasserstein barycenter
as the averaging operator. Therefore, our MFSWB can be directly used to enforce the fairness for
averaging inside each cluster. The proposed MFSWB can be also used to average meshes by changing

the SW to H2SW which is proposed in (Nguyen & Hol, [2024).

D ADDITIONAL EXPERIMENTS

Gaussians barycenter with the formal MFSWB. We report the result of finding barycenters from
USWB, MFSWB with A = 1, s-MFSWB, us-MFSWB, and es-MFSWB with learning rate 0.001,
0.005, and 0.05 in Figure[5] We present the result of finding barycenters of Gaussian distributions
with MESWB A = 0.1 and A = 10 in Figure[6]
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MFSWB A =0.1 F=86116.77, W=319.37 MFSWB A = 0.1 F=65033.07, W=276.29 MFSWB A =0.1 F=18515.2, W=171.79 MFSWB A = 0.1 F=4579.64, W=98.36
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Figure 6: Barycenters from MFSWB with A = 0.1 and A = 10 along gradient iterations with the corresponding
F-metric and W-metric.

Target 2

uswe MFSWB S-MFSWB us-MFSWB es-MFSWB

Figure 7: Averaging point-clouds with USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB.

Table 3: F-metric and W-metric along iterations in point-cloud averaging application.

| Method | Iteration 0 | Epoch 1000 | Epoch 5000 | Epoch 10000 |
| | F) W) | Fl) W) | Fl) W) | F) W) |
USWB 746.67 £0.0 4814.71+£0.0 | 35.22+1.04 161.11 £ 0.54 7.82+0.26 109.82 £0.28 11.08 £0.06  108.52 £0.17

MESWB A = 0.1 | 746.67 £0.0 4814.714+0.0 | 35.15+£0.36 159.84 £ 0.55 4.9540.23 109.14 £ 0.33 6.95+0.8 107.83 £0.16
MESWB A =1 746.67+0.0 4814.71+0.0 | 33.21£2.72 151.24 +0.64 2.54+1.5 109.66 + 0.26 4.66 £2.1 108.1 £0.05
MESWB A =10 | 746.67 £0.0 4814.71£0.0 | 34.03 £22.6 158.66 £ 1.39 | 29.19 £14.29  122.66 = 0.88 | 20.55 £ 13.57 123.65 £ 1.52

s-MFSWB 746.674+0.0 4814.71+0.0 | 36.23 +1.88 154.4 £0.67 0.66+044 109.17+0.34 | 2544206 107.57+0.19
us-MFSWB 746.674+0.0 4814.71+£0.0 | 28.65+1.37  144.27£0.65 1.024+0.8 109.67 £0.1 1.35+0.77 108.2+0.19
es-MFSWB 746.674+0.0 4814.71+0.0 | 28.05+1.16 143.244+0.76 | 0.99 4+ 0.32 109.68 +£0.14 1.36 £0.62  108.28 £0.07

Point-cloud averaging. We report the averaging results of two point-clouds of plane shapes n
Figure[7)and the corresponding F-metrics and W-metric along iterations in Table[3] We see that the
proposed surrogates achieve better F-metric and W-metric than the USWB. In this case, us-MFSWB
gives the best F-metric at the final epoch, however, es-MFSWB also gives a comparable performance
and performs better at earlier epochs. For the formal MFSWB, it does not perform well with the
chosen set of \.

Color Harmonization. We first present the harmonized images of different methods including
USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at iteration 5000 and 10000 for
the demonstrated images in the main text in Figure 8} Figure[0] Moreover, we report the results of
MFSWB (\ = 0.1, 10) at iteration 5000, 10000, and 20000 in Figure Similarly, we repeat the
same experiments with flower images in Figure[TT} [[4] Overall, we see that es-MFSWB helps to

21



Published as a conference paper at ICLR 2025

Source Image Target Image 1 Target Image 2

USWB F =1663.415, W=5638.846  MFSWBA=1,F=769.439, W=5219.855 sMFSWB F=1150.143,W=5413.16 _ Us-MFSWB F=1421797, W=5082.181 __ es-MFSWB F=103.12, W =3030.714

Figure 8: Harmonized images from USWB, MESWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at
iteration 5000.
Source Image

Target Image 1 Target Image 2

S-MFSWB F=539.51, W = 3241.862 us-MFSWB F = 874.584, W = 2867.402 es-MFSWB F =109.643, W = 1718.495

Figure 9: Harmonized images from USWB, MESWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at
iteration 10000.

MFSWB A =0.1,F=1547.639, W=5590.296 ~ MFSWB A = 10, F = 48.953, W = 3149.456 MFSWB A =0.1,F=1086.353, W=3435.965 MFSWB A =10,F=70.221, W =2043.315
) ) ¥y y

MFSWB A =0.1,F=492712, W=1722.733 MFSWB A =10, F = 28.018, W = 1405.82

Figure 10: Harmonized images from MFSWB with A = 0.1 and A = 10 at iterations 5000, 10000, and 20000.

reduce both F-metric and W-metric faster than USWB and other surrogates. For the formal MFSWB,
the performance depends significantly on the choice of \.

Sliced Wasserstein autoencoder with class-fairness representation. We use the RMSprop opti-
mizer with learning rate 0.01, alpha=0.99, eps=1e — 8. As mentioned in the main text, we report the
used neural network architectures:

We report some randomly selected reconstructed images, some randomly generated images, and the
test latent codes of trained autoencoders in Figure[T5] Overall, we observe that the qualitative results
are consistent with the quantitive results in Table 2] From the latent spaces, we see that the proposed
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Source Image Target Image 1 Target Image 2

USWB F =4582.919, W =7888.161  MFSWB A =1,F =3562.971, W = 7408.885 us-MFSWB F =4277.279, W =7417.909  es-MFSWB F = 2269.199, W = 5220.856
’ . ’

]

Figure 11: Harmonized images from USWB, MFSWB (A = 1) s-MFSWB, us-MFSWB, and es-MFSWB at
iteration 5000.

Source Image Target Image 1 Target Image 2

Figure 12: Harmonized images from USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at
iteration 10000.

surrogates helps to make the codes of classes have approximately the same structure which do appear
in the conventional SWAE’s latent codes.
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Source Image Target Image 1 Target Image 2

Figure 13: Harmonized images from USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at
iterations 20000.

MFSWB A =0.1,F=4481.706, W = 7832.764 MFSWB A =10, F = 639.082, W=5363.916 MFSWB A=0.1,F=3611.277, W =5368.453 MFSWB A =10, F = 574.182, W = 2745.862
] ¢ I ’ A ’ 7

Figure 14: Color harmonized images from MESWB with A = 0.1 and A = 10 at iterations 5000, 10000, and
20000.

E COMPUTATIONAL DEVICES

For the Gaussian simulation, point-cloud averaging, and color harmonization, we use a HP Omen
25L desktop for conducting experiments. Additionally, for the Sliced Wasserstein Autoencoder with
class-fair representation experiment, we employ the NVIDIA Tesla V100 GPU.
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Figure 15: Reconstructed images, generated images and latent space of all methods.
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Layer Description

MNISTAutoencoder

Encoder
Conv2d (1, 16, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
Conv2d (16, 16, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
AvgPool2d  (kernel size=2)
Conv2d (16, 32, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
Conv2d (32, 32, kernel size=3, stride=1, padding=1)
LeakyReLLU (negative slope=0.2, inplace=True)
AvgPool2d (kernel size=2)
Conv2d (32, 64, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
Conv2d (64, 64, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
AvgPool2d  (kernel size=2, padding=1)
Linear (in_features=1024, out_features=128)
RelLU (inplace=True)
Linear (in_features=128, out_features=2)

Decoder
Linear (in_features=2, out_features=128)
Linear (in_features=128, out_features=1024)
RelLU (inplace=True)
Upsample (scale_factor=2, mode=nearest)
Conv2d (64, 64, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
Conv2d (64, 64, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
Upsample (scale_factor=2, mode=nearest)
Conv2d (64, 64, kernel size=3, stride=1)
LeakyReLU (negative slope=0.2, inplace=True)
Conv2d (64, 64, kernel size=3, stride=1, padding=1)
LeakyReLLU (negative slope=0.2, inplace=True)
Upsample (scale_factor=2, mode=nearest)
Conv2d (64, 32, kernel size=3, stride=1, padding=1)
LeakyReLLU (negative slope=0.2, inplace=True)
Conv2d (32, 32, kernel size=3, stride=1, padding=1)
LeakyReLU (negative slope=0.2, inplace=True)
Conv2d (32, 1, kernel size=3, stride=1, padding=1)

Table 4: MNIST Autoencoder Architecture
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Table 5: Comparison of methods with k2 = 0.5 on CIFAR10 after 500 epochs.

Methods RL () W%,latem ) Wg,image @) Fuen ) Wiaent () Fimagcs () Wimagcs W)
SWAE 0.640 6.101 141.984 0.280 4.585 46.006 178.798
UBSW 0.640 6.104 135.944 0.228 4.572 44.024 174.322

MFSWB A\ = 0.1 0.640 6.097 142.530 0.281 4.585 46.080 179.210
MFSWB A = 1.0 0.641 6.092 142.289 0.279 4.578 46.076 179.135
MFSWB A = 10.0 0.640 6.100 141.503 0.282 4.585 46.088 178.373
s-MFBSW 0.640 6.103 134.766 0.218 4.569 42.503 173.530
us-MFBSW 0.642 6.088 131.934 0.209 4.546 39.329 171.204
es-MFBSW 0.642 6.060 132.170 0.212 4.534 40.642 171.573

Table 6: Comparison of methods with k2 = 0.5 on STL10 after 500 epochs.

Methods RL ({) W%,lalem (@ W%,image () Faenn 1) Wiaent 1) Fimages (1) Wimages (1)
SWAE 0.613 16.826 301.397 0.647 15.699 25.827 199.175
UBSW 0.616 16.908 301.143 0.585 15.719 24.905 199.918

MFSWB A = 0.1 0.614 16.823 301.704 0.647 15.698 25.637 199.662
MFSWB A = 1.0 0.614 16.814 301.505 0.647 15.688 25.790 199.307
MFSWB A =10.0 0.613 16.831 301.370 0.648 15.705 25.546 199.168
s-MFBSW 0.613 16.842 302.632 0.580 15.658 23.520 200.262
us-MFBSW 0.616 16.830 297.952 0.586 15.645 23.638 197.057
es-MFBSW 0.616 16.796 296.548 0.557 15.658 22.551 199.117

Results. We evaluate the scalability of our method using two well-established datasets: CI-
FAR10 (Krizhevsky et al., 2009) (d = 32 x 32 x 3) and STL10 (Coates et al.,[2011) (d = 64 x 64 x 3).
For these experiments, we set k1 = 8.0, ko = 0.5, and train for 500 epochs with a learning rate of
0.0005. The CIFAR10 experiment uses a uniform distribution on a 48-dimensional ball (h = 48),
while the STL10 experiment uses a 128-dimensional ball (h = 128).

We assess fairness and averaging distance in the latent space, denoted as Flaene and Wiyen, respectively.
Additionally, we measure the reconstruction loss (RL) and the Wasserstein-2 distance between
the prior and aggregated posterior distribution in the latent space, W;la[em. Unlike the MNIST
experiments, where the Wasserstein distance was used to measure metrics related in image space, we
employ the FID score (Heusel et al.||2017) for CIFAR10 and STL10 due to its widespread use and
reliability in measuring distances. Specifically, the F-metric and W-metric in the image domain and
the gap between generated images and the dataset W%,image are calculated as:

K-1 K
2
—Fimages = m Z Z |FID(/J,,,MZ) - FID(/L7/LJ‘)

; a7
i=1 j=i+1
1K
VVimages = ?;FID(/%;U%% (18)
1 K
W%,image =FID (:an E ; Mk) (19)
where p is the empirical distribution of generated images, 1, . . ., ix are the images for each label

in the dataset, and F'1.D() is the FID score (Heusel et al.,[2017). We report the quantitative results in
Table 5] for the CIFAR10 experiment and Table|6|for the STL10 experiment.

The proposed methods outperform baselines across nearly all metrics. For CIFAR10, us-MFBSW
and es-MFBSW deliver the best results, with us-MFBSW excelling in image domain metrics like
W;image, Fimage» and Wipaee. On STL10, es-MFBSW stands out, achieving the best W;latem, W;image,
and Fjpage, While also improving fairness in the latent space with the lowest Fiaeen, while us-MFBSW
does its best at reducing the averaging distance both in latent and image domain, which are Wiy,

and Wipage, respectively.
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Overall, compared to the baselines, the proposed methods achieve greater geometric fairness and
bring the generated images closer to the dataset distribution in both latent and image spaces, though
this comes at the expense of reduced image reconstruction quality.
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