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Abstract

The Sliced Wasserstein barycenter (SWB) is
widely acknowledged for generalizing the averag-
ing operation within probability measure spaces
but achieving marginal fairness SWB, ensuring
approximately equal distances from the barycen-
ter to marginals, remains unexplored as the uni-
form weighted SWB might not be the optimal
choice due to structure of marginals and the non-
optimality of the optimizations. We introduce
the marginal fairness sliced Wasserstein barycen-
ter (MFSWB) problem as a constrained SWB
problem, and proposes three surrogate MFSWB
problems that implicitly minimize distances to
marginals and encourage marginal fairness, then
discusses their relationship to the sliced multi-
marginal Wasserstein distance. Finally, we con-
duct experiments on finding 3D point-clouds aver-
aging, color harmonization, and training of sliced
Wasserstein autoencoder with class-fairness rep-
resentation to show the favorable performance of
the proposed surrogate MESWB problems.

1. Introduction

Wasserstein barycenter (Agueh & Carlier, 2011) general-
izes “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, 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 & Mboula,
2021), clustering (Ho et al., 2017), sensor fusion (Elvander
et al., 2018), text classification (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
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Figure 1. The uniform SWB and the MESWB of 4 Gaussian dis-
tributions.

mixing (Rabin et al., 2012), style transfer (Mroueh, 2020),
shape interpolation (Solomon et al., 2015), and many other
tasks on many other domains.

Computing Wasserstein barycenters is computationally ex-
pensive, ranging from O(n3logn) using linear program-
ming (Anderes et al., 2016) to O(n?) with entropic regular-
ization (Cuturi, 2013). To address this, sliced Wasserstein
barycenter (SWB) was introduced by Bonneel et al. (Bon-
neel et al., 2015), offering a time complexity of O(n logn).
SWB benefits from the equivalence of sliced Wasserstein,
making it a scalable alternative choice for Wasserstein
barycenters.

In some applications, we might want to find a barycenter
that minimizes the distances to marginals and has equal dis-
tances 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. However, obtaining such a barycenter is challenging.
Even though uniform barycenter weights are commonly
used, they do not guarantee a marginal fairness barycenter
as shown in Figure 1. 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 find-
ing marginal fairness SW barycenter (MFSWB) to utilize
the scalability of SW distance.

Contribution: Our main contributions are four-fold:

1. We define the marginal fairness SW barycenter (MF-
SWB) problem which is a constrained barycenter problem,
where the constraint tries to limit the average pair-wise ab-
solute difference between distances from the barycenter to
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marginals. We derive the dual form of MESWB, discuss its
computation, and address its computational challenges.

2. We propose hyperparameter-free and computationally
tractable surrogate definitions of MFSWB. Inspired by Fair
PCA (Samadi et al., 2018), our first surrogate minimizes the
largest SW distance from the barycenter to the marginals.
Then, we introduce a second surrogate which is the improve-
ment of the first one, aiming to provide an unbiased gradient
estimator. We extend this to a third surrogate using slicing
distribution selection, proving it to be an upper bound of the
previous two.

3. We connect the proposed surrogate MFSWB problems
with sliced multi-marginal Wasserstein (SMW) distance
using the maximal ground metric. Solving our MFSWB
problems equals minimizing a lower bound of the SMW.

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

2. Preliminaries

Sliced Wasserstein distance. The sliced Wasserstein (SW)
distance (Bonneel et al., 2015) between two probability
measures (1, € Pp(R?) and p1o € P,(RY) is defined as:

SWE (11, p2) = Eggy(sa—1)[Wh (0841, 0812)],

where the Wasserstein distance has a closed1 form in one-
dimension which is W5 (041, 08u2) = [, \Fe_ﬁil(z) -

Fe_ﬁiz (2)|Pdz where Fyy,, and Fpy,, are the cumulative

distribution function (CDF) of 041 and 6o respectively.
Sliced Wasserstein Barycenter. The definition of the
sliced Wasserstein barycenter (SWB) problem (Bonneel
et al., 2015) of K > 2 marginals p1.x € P,(R?) with
marginal weights wi.x > 0 (Zfik wi = 1) is defined as:
ming, F(p; p1: Kk, wi:x ) = min,, Zle Wi SWP (11, )

Computation of parametric SWB. Let ;14 be parameter-
ized by ¢ € ®, SWB can be solved by gradient-based
optimization. In that case, the interested quantity is the gra-
dient V¢]:(u¢; 1K, wl;K) = Z?:l ka¢SW§(M¢, ,uk).
However, the gradient of SW term 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. With the stochastic gradi-
ent, the SWB can be solved by using a stochastic gradient
descent algorithm. We refer the reader to Algorithm 1 in
Appendix B for more detail. We discuss the discrete SWB
i.e., marginals and the barycenter are discrete measures in
Appendix B

Parametric SWB computation: The parameterized

barycenter ji4 with ¢ € ® enables solving SWB through
gradient-based optimization. In that case, the inter-
ested quantity is the gradient VF (ug; pt1:x,wi:x) =
Zle WiV gSWE (114, pr;). The intractable gradient of the
Sliced Wasserstein term requires Monte Carlo estimation
due to the expectation over the unit hypersphere. Utilizing
stochastic gradient descent, SWB can be solved. Further
details are provided in Algorithm 1 in Appendix B. The
barycenter 14 can be expressed in two parameterizations:
either as pug = = > | 0,, with ¢ = (z1.,) (When ¢ de-
notes supports) or as (g = 2?21 ¢i05, (When ¢ represents
weights). Both parameterizations allow for the computation
of the gradient of SWB with respect to ¢. When the supports
or weights of the barycenter are outcomes of a parametric
function, the gradient of the function’s parameters can be
estimated using the chain rule. The detailed computation of
the parametric SWB gradient in both settings is provided in
Appendix B.

Sliced Multi-marginal Wasserstein. Given K > 1
marginals p11.5c € Pp(R?), sliced Multi-marginal Wasser-
stein (Cohen et al., 2021) (SMW) is defined as:

SMWP(uy.x;¢) =E inf
p(MLK ) I:TI'GH(,U«LK)

(H
/C(QT,’El, cee, QTxK)”dw(xlzK)}

where the expectation is under § ~ U(S?"!). When

using the barycentric cost ie., c(0 zy,...,0 xx)P =
P

SE B \em S /3k,eTxk,‘ for B, > OVk and

>k Bk = 1. Minimizing SM W} (p1.x, j1; ¢) with respect

to p is equivalent to a barycenter problem. We refer the

reader to Proposition 7 in (Cohen et al., 2021) for detail.

3. Marginal Fairness Sliced Wasserstein
Barycenter

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 3.1. Given K > 2 marginals 1.xc € P,(R?),
admissible e > Ofori =1: Kandj =17+ 1 : K, the
Marginal Fairness Sliced Wasserstein barycenter (MFSWB)
is defined as:

K
S.t. m Z Z |SW§(M,M) - Swg(/h/ij” <e
i=1 j=i+1
2
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Duality objective. For admissible € > 0, there exist a La-
grange multiplier A such that we have the dual form

Given K > 2 marginals pi1, ..., ux € Pp(Rd), admissible
e>0fore=1,...,Kandj=i+1,..., K, the Marginal
Fairness Sliced Wasserstein barycenter (MFSWB) is defined
as:

1 K
k=1

K K
KZ > ISWE(, i) — SWE (1, )] — Ae.
=1 j=i+1

3

Computational challenges. Firstlyy, MFSWB in Defini-
tion 3.1 requires an admissible € > 0 for the barycenter
1 to exist, which is difficult to determine. Secondly, ob-
taining the optimal Lagrange multiplier A* in Equation (3)
to minimize the duality gap is challenging and can result
in weak duality. Thirdly, using Equation (3) requires hy-
perparameter tuning for A and might not provide a good
optimization landscape. Additionally, unbiased gradient
estimates of ¢ for the parametric barycenter (4 are not
possible due to the biased Monte Carlo estimation of the
distance between SW distances. Finally, Equation (3) has
quadratic time and space complexity, O(K?), relative to the
number of marginals.

3.2. Surrogate Definitions

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

Definition 3.2. Given K > 2 marginals u1.x € Pp(Rd),
the surrogate marginal fairness sliced Wasserstein barycen-
ter (s-MFSWB) problem is defined as:

Hbin SF (5 p1:x);

4
s.t. SF(u; p1:x) = @)

L SW (1, )

The s-MFSWB problem tries to minimize the maximal dis-
tance from the barycenter to the marginals. Therefore, it
can minimize indirectly the overall distances between the
barycenter to the marginals and implicitly make the dis-
tances to marginals approximately the same. The downside
is that the gradient estimator is biased.

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

Definition 3.3. Given K > 2 marginals u1.c € P,(R?),
the unbiased surrogate marginal fairness sliced Wasserstein

barycenter (us-MFSWB) problem is defined as:
minUSF (p; pi1:x );
I

S.L USF(ps pskc) =

Egyy(sa-1) T?laX}W (08, OFpax)

&)

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. Fortunately, the gradient estimator of
s-MFSWB is unbiased.

Proposition 3.4. Given K > 2 marginals ji1.x € P,(R%),
we have SF (p; p1.xc) < USTF (1; 1.5 )-

Proof of Proposition 3.4 is given in Appendix A.1. From
the proposition, we see that minimizing the objective of us-
MFSWB also reduces the objective of s-MFSWB implicitly.

Proposition 3.5. Given K > 2 marginals ji1.x € Pp(R?),

01.1, i U(S¥1), we have:

L
1
ElVeT > WE(Oipg Outpng) — VoUST (g praexc)
=1

2

< % Var lw Wy (0811, O hr )]

where kj = argmaxy,c 1.y W (0810, 081 ); and the ex-
pectation and variance are under the random projecting
direction 6 ~ U(S?71)

Proof of Proposition 3.5 is given in Appendix A.2. From
the proposition, we know that the approximation error of
the gradient estimator of us-MFSWB reduces at the order
of O(L~1/2). 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 Defini-
tion 3.3 utilizes the uniform distribution as the slicing dis-
tribution, which is empirically shown to be non-optimal in
statistical estimation (Nguyen et al., 2021). Following the
slicing distribution selection approach in (Nguyen & Ho,
2023), we propose the third surrogate with a new slicing
distribution that focuses on unfair projecting directions.

Definition 3.6. Given K > 2 marginals u1.;c € P,(R?),
the marginal fairness energy-based slicing distribution
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o (0; 1, p1.xc) € P(S?71) is defined with the density func-
tion as follow:

fo (05 1, pi1:xc) o< exp Qé????} W5 (08, eﬁﬂk)) )

Marginal fairness energy-based slicing distribution in Defi-
nition 3.6 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. From the new proposed slic-
ing distribution, we can define a new surrogate MFSWB
problem, named energy-based surrogate MFSWB.

Definition 3.7. Given K > 2 marginals pi,...,ux €
P,(RY), the energy-based surrogate marginal fairness sliced
Wasserstein barycenter (us-MFSWB) problem is defined as:

min ESF (u; p1.x);
m

ESF (s p1:x) = E9~a(9;u,u1:x) ken{lii:};(} Wé’(@ﬁm 01r)
(N

Similar to the us-MFSWB, es-MFSWB utilizes the im-
plicit 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 considering them equally.

Proposition 3.8. Given K > 2 marginals j11.5c € Pp(R%),
we have USTF (1; p1.ic) < ESF (s p1.x)-

Proof of Proposition 3.8 is given in Appendix A.3. From
the proposition, we see that minimizing the objective of
es-MFSWB reduces the objective of us-MFSWB implicitly
which also decreases the objective of s-MFSWB (Proposi-
tion 3.4). Moreover, the gradient estimator of es-MFSW is
asymptotically unbiased.

Computational complexities of proposed surrogates. The
three proposed surrogates have linear time and space com-
plexity, O(K), for the number of marginals K, matching the
conventional SWB and outperforming the formal MFSWB’s
O(K?). For the number of projections L, supports 7, and
dimensions d, the surrogates have a time complexity of
O(Ln(logn + d)) and a space complexity of O(L(n + d)),
similar to both the formal MFSWB and SWB.

Gradient estimators of proposed surrogates A detailed
discussion on the gradient estimators of all proposed surro-
gates is provided in Appendix B. In summary, the s-MFSWB
surrogate has a biased gradient estimator, whereas the us-
MFSWB and es-MFSWB surrogates have unbiased gradient
estimators.

3.3. Sliced multi-marginal Wasserstein distance with the
maximal ground metric

To shed light on the proposed substrates, we con-
nect them to a special variant of Sliced multi-marginal
Wasserstein (SMW) (see Equation 1) i.e., SMW with
the maximal ground metric c(0'zy,...,0 vx) =
MaX;ec(1:K},je{1:K} 0T 2; — Gij|. We first show that
SMW with the maximal ground metric is a generalized
metric on the space of probability measures.

Proposition 3.9. Sliced multi-marginal Wasserstein dis-
tance with the maximal ground metric is a generalized met-
ric i.e., it satisfies non-negativity, marginal exchangeabil-
ity, generalized triangle inequality, and identity of indis-
cernibles.

Proof of Proposition 3.9 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 MFSWB problem, we will leave the careful investigation
of this variant of SMW to future work.

Proposition 3.10. Given K > 2 marginals p1.x €
P, (RY), the maximal ground metric c(0" x1,...,0 T xx) =
, we have:

T T
maxX;e{1:K},je{1:K} 0" 2; — 0 T

minUSF (pu1; pox) < minSMWI’,’(ul;ug:K,c). )
51 H1

The proof of Proposition 3.10 is in Appendix A.5. The
inequality holds for any p; with ¢ = 2,..., K. Com-
bining this with Proposition 3.4, we get the corollary
min,, SF(p; po:x) < miny, SMW;’(,udl;,ugzK, ¢). This
shows that minimizing us-MFSWB is equivalent to mini-
mizing a lower bound of SMW with the maximal ground
metric, which implies that us-MFSWB aims to minimize
the multi-marginal distance. Extending this, minimizing
es-MFSWB corresponds to minimizing a lower bound of
energy-based SMW with the maximal ground metric. See
Proposition B.1 in Appendix B for more details.

4. Experiments

We use two metrics i.e., the F-metric (F) and the
W-metric (W) which are defined as follows: F =
K(I?—l) Zszl Zf:zurl |W5(M7Hi) —W,?(H,Mj)\7 W=
LS WE(u, i), where 1 is the barycenter, i1, . . ., i
are the given marginals, and W2 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 centerness 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, s-MFSWB, us-MFSWB, and es-MFSWB along gradient iterations with the

corresponding F-metric and W-metric.

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

Methods Iteration 1000 Iteration 5000 Iteration 10000
F w F w F w
USWB 4.89 8572 379 4537 1.55 39.81
MFSWB A =0.1 476 8486 3.78 45.2 1.32 39.73
MFSWB A\ =1 049  79.08 3.64 4471 1.03 39.45
MFSWB A\ = 10 403 7124 732 4521 413 42.56
s-MFSWB 252 81.84 401 449 1.15 39.58
us-MFSWB 0.3 78.69 374 4438  0.87 39.26
es-MFSWB 0.2 78.1 3.5 4437 084 39.18

Table 2. Results of training SWAE with different regularization
losses.

X10° W3 Fuen X 107 Wigen x 102

26.91

Methods RL W§ Jlatent

9.41

SWAE 2.95 7.05 23.86

USWB

MFSWB A = 0.1
MFSWB A\ = 1.0
MFSWB A\ = 10.0
s-MFSWB
us-MFSWB
es-MFSWB

3.15
3.11
3.12
2.79
322
3.05
335

10.46
8.52
9.71
10.32
10.50
7.79
9.60

2741
26.62
26.92
26.95
28.69
27.81
28.27

7.02
8.66
10.15
8.27
1.30
2.29
0.98

1273
20.01
21.16
23.39
13.71
9.11

9.92

4.1. Barycenter of Gaussians

We perform a Gaussian barycenter simulation with four
marginals and visualize the results over last iteration in
Figure 2. Settings and details are provided in the in Ap-
pendix D.

Result. USWB does not yield a fair barycenter, while the
three proposed surrogates achieve better and faster conver-
gence in both metrics. At iteration 50,000, USWB fails to
produce a fair barycenter, whereas the proposed surrogates
do. Among them, es-MFSWB achieves the highest marginal
fairness with competitive centerness. The formal MESWB
(dual form with A = 1) provides the fairest barycenter but
is sensitive to A.

4.2. 3D Point-cloud Averaging

We aim to find the mean shape of point-cloud shapes. We
report F-metric and W-metric at iterations 1000, 5000, and
10000 in Table 1 and take average from three independent
runs. We refer the reader to Appendix D for a detailed
setting.

Result. As in the Gaussian simulation, proposed surrogates
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 MFSWB
with three choices of A i.e., 0.1,1,10. We also observe a
similar phenomenon for two plane shapes in Figure 5 and
Table 3 in Appendix D.

4.3. Color Harmonization

We conducted an experiment to transform the color palette
of an image into a hybrid of two target images. Details of
the experiment and results are provided in Appendix D.

Result. As in previous experiments, we see that the three
proposed surrogates yield a better barycenter faster than
USWB. The proposed es-MFSWRB 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 9-Figure 11 in
Appendix D for additional flowers-images example, where
a similar relative comparison happens.

4.4. Sliced Wasserstein Autoencoder with Class-Fair
Representation

We consider training the sliced Wasserstein autoencoder
(SWAE)(Kolouri et al., 2018) with a class-fairness regular-
ization. Details of experiment is in Appendix D.

Results. From the Table 2, the proposed surrogate MF-
SWB generally yield better scores than USWB, except for
W%,image' The formal MFSWB performs well in reconstruc-
tion loss and W%Vimage, though its F and W scores are high.
The wg,lmm varies slightly across runs, with minor differ-
ences in performance order, indicating relatively similar
results. Overall, es-MFSWB is the best variant among the
surrogates. Compared to SWAE, using a barycenter loss re-
sults in a more class-fair latent representation but sacrifices
image reconstruction and generative quality.

5. Conclusion

We introduced marginal fairness sliced Wasserstein barycen-
ter (MFSWB), a special case of sliced Wasserstein barycen-
ter (SWB) which has approximately the same distance to
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marginals. We first defined the MFSWB as a constrainted
uniform SWB problem. After that, to overcome the compu-
tational drawbacks of the original problem, we propose three
surrogate definitions of MFSWB 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 max-
imal 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 MFSWB definitions.
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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 E.

A. Proofs
A.1. Proof of Proposition 3.4

Proof. From Definition 3.2, we have

SF(p,pr:xc) = max SWE(p, ;)

Egri(si-1)[W) (08, 0811 )]

I
=
&

Let k* = argmaxyc (1, gy Egray(sa—1)[WE (081, 0812k )], we have

SF (1, p1:x1c) = Eggy(sa—y [W) (081, Ot s )]

< Egyy(sa-1) e, W5 (08, 01k

= US‘F(/J’7 ,uilzK)a

as from Definition 3.3, which completes the proof.

.....

A.2. Proof of Proposition 3.5

Using the Holder’s inequality, we have:

L
1
E|Vor > Wh(Bituo Ot ) — Vol SF (g pn:xc)

=1

1
2\ 2

IN

L
1
E|Vor > Wh(Bitho, Oitpiey ) — Vol SF (1o jr:xc)

=1

Nl

L 2
1
=|E <V¢L > WOt Outpn; ) — VoE [Wp (0410, Qﬂukgﬂ)
=1

SIS

L 2
= |E <i ZV¢W§(01W¢, Hzﬁukgl) —E [V Wh (0, eﬁukg)o

=1
(Var

= %Var (VW5 (0810, Oty)]

which completes the proof.

L 2
1
7 > VeWE(Bifipg, Outpn;, )1 )

=1

Nl=

A.3. Proof of Proposition 3.8

We first restate the following Lemma from (Nguyen et al., 2024b) and provide the proof for completeness.
Lemma A.l. Forany L > 1,0<a; <as <...<apand0<b; <by <...<by, we have:

1 L L
Z(Z az)(z b;) < Zaibi- ©)



Submission and Formatting Instructions for ICML 2024

Proof. For L = 1, we directly have a;b; = a;b;. Assuming that for L the inequality holds i.e., + (ZiLzl ai)(ziLzl bi)
Zle a;b; which is equivalent to (Zle a,»)(ziL:l b;) < LZ¢:1 a;b;. Now, we show that L(Ele ai)(zij‘:l bi)
ZZ.LZI a;b; i.e., the inequality holds for L + 1. We have

IN N

L+l L+1 L L L
Zal Zb = Zai)(zb Zal br4+1+ Zbi)aL-H +ar+1br41
i1 =1 =1 i1 i—1

L L L
< Lzaibi + Zaz br4+1 + Zbi)aL+1 +aryibrit.
1

i=1 i= i=1

Since ar+1bp+1 + a;b; > ap41b; + br41a, for all 1 < ¢ < L by rearrangement inequality. By taking the sum of these
inequalities over ¢ from 1 to L, we obtain:

L L
O aibryr + O bi)arcr < aib; + Lagiibrga.
: —1 i=1

Then, we have
L+1 L+1 L

L
Zaz Zb ) < Lzazb + Zaz bry1+ Zbi)aL+1 +ar+1br41
i=1 =1 i=1 i=1

L
<L Z a;b; + Z a;bi + Lar+1br+1 + ar+1br41

=1 =1
L+1
= (L+ 1) aibi),
i=1
which completes the proof. O

Now, we go back to the main inequality which is USF (u; pi1.5c) < ESF (145 p1.x ). From Definition 3.7, we have:
58]:(/‘7 ,Ul:K) - EONO'(G;/J.,/ALK) |: max Wg(mi/% aﬁ,uk):l

ke{l,....K}
fa 9;/1*7:“/1:K
= Epy(sa-1) Le{mﬁ%} Wé’(%uﬁﬁm)% ;

2rd/2

where [, (0; 1, p1:x) o exp (maxpeqr,... xy WE(08p,08uk)).  Now, we consider a Monte Carlo estimation of
ESF(p; p1.x ) by importance sampling:

= exp (maxpeq1,....xy W5 (0ifu, Oifie)
ESF (s prorc, L) Z WE @, Oyn) e 20y W . )
1 el S5 exp (maxke{l,...,K} WE(0ittp, i)
where 64,...,0,, i U(S?1). Similarly, we consider a Monte Carlo estimation of USF (j; jt1.x¢ ):
L
USF(ui s D) = + 57 | max W2 (Outye, Outyae)
P HIG L& [refimy P00 ’

for the same set of 6y,...,0y. Without losing generality, we assume that maxyey,... xy WE(018u, O18ur) <

< maxpe(1,.. xy Wh (0Lt OLbu). Let  maxpeq,...x} WE(Oitp, Oiftpr) = a; and

exp (maxyeqy,... ky WP (0it, i) = by, applying Lemma A.1, we have:
USF(u; pix, L) < ESF (s pige, L) VL > 1.
By letting L — oo and applying the law of large numbers, we obtain:
USF (s pasic) < ESF (15 ik ),

which completes the proof.
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A.4. Proof of Proposition 3.9

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

SMWP(uy,...,px;¢) =E inf / max 0Tz, — 0 x;|Pdr(x,. .., x }
p(ul i ©) Lel‘[(m,m,ux) ie{1,..4,K}7je{1,...,K}| il (1 K)

Non-negativity. Since max;c (1, .. ky},je{1,....K} 10T z; — Oij|p > 0 for any 1, ...,z and for any €, we can obtain the
desired property SMWJ} (pu1, ..., jurc; ¢) > 0 which implies SM W), (p1, - .., prc; ¢) > 0.

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

SMWP(pu1,. .., pux;c) =E inf a 0"z, — 0" x;Pdn(xy, ...,
R I R L S
=E { inf / max 0 z; — 0"z Pdm (s, ... ,xK)]
TEM (Ko (1)ysbo(k)) J 1€{L,... . K}, j€{L,.... K}

= SMWZE(jio(1); - - - » Ho(K): C)-

Generalized Triangle Inequality. For ;1 € P,(R?), we have :

SMWJ(p1,. .., pxc; c)

=E inf / max 0"z, — 0" x;Pdr(xy, ... ,xK)}
MK ie{l

| mel(pr,epr) J i€{1,..., K}.je{1,....K}
r K

<E inf /Z max 0Tz, — 0" 2 |Pdn(zy,. .. oK)
€M) S i€ KPR} GE{ L K\ (k)
r K

=E inf / max 072 — 0" a;Pdn(2y,. .. 2K)
€M) £t ) i€ KPR} GE{ L KN\ ()

T K

=E max 0T, — 0T w;|Pdr* (1, ..., Th1s Thotts - - TK
;/z‘e{1,...,K}\{k}’je{l,...,K}\{k}| $7 0 AT Bty Bt )

for 7* is the optimal multi-marginal transportation plan and 7* (1, ..., 21, Tx+1, Tx ) is the marginal joint distribution by

integrating out z;. By the gluing lemma (Peyré & Cuturi, 2020), there exists optimal plans 7*(x1, ..., Tx—1,Y, Tk+1, LK )
for any k € [[K]] and y follows u. We further have:

SMWE(pa,. .., prc; c)

K
<E Z/max ( max 0Tz — 072,
=1 ie{l,.. . KI\{k}je{l,... K}\{k}

0 x; — 0 y|P Ydr* (21, ..., 2%
ie{1,TE}§(}\{k}| z yl? ) dr* (1, yTh—1,Y, Thil, - TK)]

K
= E inf ma; 0Tz, — 0"z |Pdr(zy, ...,z
’; [wen(m,. /ie{l,...,K},j)é{l,.“,K}‘ I dm(a K)

VIR TN RPN} )

K
= ZSMWII;(IUM"'7“k—17/~"'auk+1a"'7,u'K;C)'
k=1

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

K
SMWP(M17"'a/j/K;C) < ZSMWP(I‘L]-?'"’I’Lk717/’("uk+1""7MK;C>'
k=1

10
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Identity of Indiscernibles. From the proof in Appendix A.5, we have:

p . > p is .
SMWy (i, oo g ) 2 B iE{l,...,Kr?g)é{l,...,K} Wy (08, Ons)

> E [W2(0t1i, 08 pu5)]

max
ie{l,...K},je{l,..,K}

_ SW (i, p15).
ic{l,..., I?}l%)é{l ..... K} p (> 115)

Therefore, when SMW),(p11, . . ., purc; ¢) = 0, we have SWP(ju;, pi;) = 0 which implies 1; = p; for any i, j € [[K]]. Asa
result, 41 = ... = px from the metricity of the SW distance. For the other direction, it is easy to see thatif y; = ... pug,
we have SMW,,(u1, ..., uk;c) = 0 based on the definition and the metricity of the Wasserstein distance.

A.5. Proof of Proposition 3.10

Given the maximal ground metric ¢(0 " xq,...,0 xx) = maxX;e(1,.. K}, je{l,...K} 0T 2 — 0",

, from Equation 1

SMWE (1, -, s c) :E{ inf ., )/C(QTl‘l,...,HT.ﬁK)pdﬂ'(.ﬁl,...,l‘K)}

=E [ inf / max 10"z —OTa:jpdw(arl,...,xK)}
TEI(f1,ee s b i) i€{l,...,K},je{1,....K}

By Jensen inequality i.e., (z1,...,2x) — max; ; 0T x; — 07 x,|P is a convex function, we have:
1rr ie{l,...K},je{l,....K} J

SMW;?(Mla--'7MK;C)Z]E|: inf /|9Txi—Hij|pd7r(w1,...,xK)} .
Using max-min inequality, we have:

SMW;(:U’M'”?MK;C) >E /|9T$Z —ngjde(Il,...,xK):|

4 max in
Lie{l,....K},je{l,....K} m€ll(p1,...,pu k)

inf )/|9T;vi—9—r:vjpd7r(xi,xj)}

) maX 11
Lie{l,....K}je{l,....K} m€ll(pi,p;

WE (04, 9ﬁﬂj):| :

>E

=K

max
Lie{l,....K},je{1,....K}

Therefore, minimizing two sides with respect to 1, we have:

minSMW;’(uh...,uK;c) > minE

WP, 0411,
B B [ie{l,...7Kn}}3}é{17m)K} p(ﬁu ﬁ,u])}

> n;ilnIE L‘e e Wy (08pa, Oﬁui)}

= Il;ILiIHUSI(Ml;M:K),

which completes the proof.

B. Additional Materials

Gradient of Discrete Sliced Wasserstein Barycenter We discuss the discrete SWB i.e., marginals and the barycenter are
discrete measures.

Free supports barycenter. In this setting, we have 1y = + 37" | 65, e = = >0, &y, and ¢ = (x1.,,), We can compute
the (sub-)gradient with the time complexity O(nlogn):

vmwg(eﬁuaﬁa eﬁ,uk:) = leTLL'Z' - eTya(i) |p—1

(10
sign(0 " x; — 0"y, 3))0,

11
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where 0 = 01 0 o, ! with oy and o, are any sorted permutation of {z1.,, } and {y1.,}.

Fixed supports barycenter. In this setting, we have pug = >0 | $idpis e = Doiq Biluis 2oiey @i = »oiy Bi and
¢ = (¢1.n,). We can compute the gradient as follows:

VWi (081, 08p1) = £, (11

where f* is the first optimal Kantorovich dual potential of WP (08414, 011 ) 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(nfl/ 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.

Gradient estimator of s-MFSWB. Let p, be paramterized by ¢ € &, and F(d,k) = SWp(ug, pr), we
would like to compute Vg maxpe(i,. .. i} F(¢,k). By Danskin’s envelope theorem (Danskin, 2012), we have
Vemaxgeqr,.. k) F(h k) = VoF(d,k*) = VuSW) (g, pi+) for k* = argmaxycqy gy F(@, k). Nevertheless,
k* is intractable due to the intractablity of SWP (j1¢, px) for k = 1,..., K. Hence, we can form the estimation kB =
TP P . ii.d _
argmaxye1 iy SW (i, fux; L) where SW, (g, s L) = 7 12y W (Outpng, Orfpur) with 0y, .., 0, "7 U(S47).
The remaining work is to estimate V ySW?} (14, 17, ), which is easy. We refer the reader to Algorithm 2 for the gradient
estimation and optimization procedure. The downside of this estimator is that it is biased.

Gradient estimator of us-MFSWB. Let /1, be paramterized by ¢ € ®, and F (0, ¢, k) = WP (0414, 0411x), we would
like to compute V4 Eg, ga—1 [maxyeqi,... xy F (0, @, k)] which is equivalent to g, ga-1 [V maxyeqy,. k1 F(0, ¢, k)] due
to the Leibniz’s rule. By Danskin’s envelope theorem, we have Vgmaxyeri .. xy F(0,0,k) = V4 F(0,0,k%) =
VoW (08pe, Ofpks) for ki = argmaxcq; gy F(0,¢,k) where we can estimate VyWp (0814, 0fpuy;) can be

,,,,,

.....

computed as in Equation 10- 11. Overall, with 6,...,6p i Z/I(Sd_l), we can form the final estimation

%Zle Vo Wh(0itpg, Oifipr; ) which is an unbiased estimate. We refer the reader to Algorithm 3 for the gradient
1

estimation and optimization procedure.

Gradient estimator of es-MFSWB. Let (14 be parameterized by ¢ € ®, we want to estimate V4ESF (1e; (11 ). Since

. e . . . S . ii.d
the slicing distribution is unnormalized, we use importance sampling to form an estimation. With 61, ...,0; "~ U(S%1),

we can form the importance sampling stochastic gradient estimation:

exp (Wg’(Qlli% Oitpuk;, ))
%Zle {exp (Wé’(eiﬁu, eiﬁﬂk;i)”

L
N 1
VoESF(pgipneac, L) = 7 D | Vo | Wi (Oudp, Ortpur)
=1

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 for the gradient estimation and optimization
procedure.

Algorithms. As mentioned in the main paper, we present the computational algorithm for SWB in Algorithm 1, for
s-MFSWB in Algorithm 2, for us-MFSWB in Algorithm 3, and for es-MFSWB in Algorithm 4.

12
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Algorithm 1 Computational algorithm of the SWB problem
Input: Marginals pq,...,ux, p > 1, weights wq, ..., wk, the number of projections L, step size 1, the number of
iterations 7.

Initialize the barycenter /14
fort =1to T do
Set V¢ =0
Sample 6; ~ U(S?1)
for! =1to L do
for k =1to K do
Set Vi = Vi + Vo W (Oiftg, O1fr)
end for
end for
¢=¢—nVy
end for
Return: /1

Algorithm 2 Computational algorithm of the s-MFSWB problem
Input: Marginals p1, ..., ux, p > 1 the number of projections L, step size n, the number of iterations 7.

Initialize the barycenter (14
fort =1to T do

Set V¢ =0
Sample 0; ~ U(S41)
k=1

for k = 1to K do
for/ =1to L do
if L5707 W (Ot g, Outpn) > + 300 WE(Oit g, 0124+ ) then
k* =
end if
end for
end for
Vo =V + 1 3121 VoWh(Oitips, Outiune)
¢»=¢—nVy
end for
Return: ;14

Algorithm 3 Computational algorithm of the us-MFSWB problem
Input: Marginals p1, ..., g, p > 1 the number of projections L, step size 7, the number of iterations 7.
Initialize the barycenter i
fort =1toT do

Set Vg =0
Sample 0; ~ U(S?1)
for!=1to Ldo
kr=1
for £ =2to K do
it WD (081, i) > Wi (60ifpe, Oifpu; ) then
kf =k
end if
end for
Vo =V + Vor Wp(Oits, Oifiu; )
end for
¢=0¢—nVy
end for
Return: /1

13
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Algorithm 4 Computational algorithm of the es-MFSWB problem
Input: Marginals p1, ..., ux, p > 1 the number of projections L, step size n, the number of iterations 7.
Initialize the barycenter (14
fort =1to T do

Set V¢ =0
Sample 0; ~ U(S41)
for/=1to L do
k=1
for k = 2to K do
it WD (0ifipig, Oifpr) > Wi (0ifpg, Oiffpxy ) then
kr =k
end if
end for
end for

for [ =1to L do
exp(W3 (Outipg,Outprr))

o = S exp(WE (080005 e )
end for
Vg =V + Ve=p2Wh(Oibpig, Ot )
¢=¢—nVy
end for
Return: /1

Energy-based sliced Multi-marginal Wasserstein. As shown in Proposition 3.10, 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 to Proposition B.1 for a detailed definition. The proof of Proposition B.1 is similar to the proof of
Proposition 3.10 in Appendix A.S.

Proposition B.1. Given K > 2 marginals pi1, ..., jiie € Pp(R?), the maximal ground metric c(0T z1,...,0 zx) =
max;e(1, .. K},je{l,..K} |07 2z; — 0 x|, we have:
min ESF (p1; pra:rc) < min ESMWE (1, pa, - - -, pic; €), (12)
JZ51 M1

where

ESMW] (1, pas - - -, fic; ) E[ inf /c(ﬁTrl,...,GTIK)pdﬂ(:rl,...,xK) ,

mE(p1,.. ., i)

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

fo(0; 11, p2:xc) o< exp (keg{%?fK} Wy (6, 9!1%)) :

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 (Hu et al., 2023) 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 (Silvia et al., 2020). Overall, all discussed works define fairness in terms of Demographic Parity constraints in

14
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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 et al., 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 & Ho, 2024).

D. Additional Experiments

Gaussians barycenter with the formal MFSWB. 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., A((0,0), I), N'((20,0), I), N'((18,8), I),
and NV((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 3.
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Figure 3. Barycenters from USWB, MFSWB with A = 1,

corresponding F-metric and W-metric.

3D Point-cloud averaging. We aim to find the mean shape of point-cloud shapes by casting a point cloud X = {z1, ..

o H 10 15 20

[ 5

s-MFSWB, us-MFSWB, and es-MFSWB along gradient iterations with the

* 71.7’74}

into an empirical probability measures Px = % > 8,. We select two point-cloud shapes which consist of 2048 points in
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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 4 at the final iteration and the corresponding F-metric and W-metric at iterations 0, 1000, 5000,
and 10000 in Table 1 from three independent runs. We also observe a similar phenomenon for two plane shapes in Figure 5
and Table 3.

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

| Method \ Iteration 0 | Epoch 1000 | Epoch 5000 | Epoch 10000 |
| | Fb wd) | F wh | FW W | FW v |
USWB 746.67+0.0 481471400 | 35.22+1.04 161114054 | 7.82+026  109.82+0.28 | 11.08+0.06 108.52+0.17

MFSWB A = 0.1 | 746.67 £0.0 4814.71£0.0 | 35.1540.36 159.84 £0.55 4.95+0.23 109.14 £0.33 6.95+£0.8 107.83 £0.16
MFSWB A =1 746.67£0.0 4814.71£0.0 | 33.21£2.72 151.24 £0.64 254+ 1.5 109.66 £ 0.26 4.66 £2.1 108.1 +£0.05
MFSWB 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 746.67 0.0 4814.714+0.0 | 36.23 +1.88 154.4 £0.67 0.66+0.44 109.17+0.34 | 2.54+2.06 107.57+0.19
us-MFSWB 746.67+£0.0 4814.714+0.0 | 28.65+1.37 144.27 £0.65 1.02+0.8 109.67 £0.1 1.35+0.77 108.2+0.19
es-MFSWB 746.67+0.0 4814.714+0.0 | 28.05+1.16 143.24+0.76 | 0.99 +0.32 109.68 £ 0.14 1.36 £0.62  108.28 £ 0.07

~

S

uswB MFSWB. s-MFSWB

Figure 4. Averaging point-clouds with USWB, MFSWB (X = 1), s-MFSWB, us-MFSWB, and es-MFSWB.

Target 1 Target 2

USWE MFSWB s-MFSWB us-MFSWB S

Figure 5. Averaging point-clouds with USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB.

Color Harmonization. We first present the harmonized images of different methods including USWB, MESWB (A = 1),
s-MFSWB, us-MFSWB, and es-MFSWB at iteration 5000 and 10000 for the demonstrated images in the main text in
Figure 6-Figure 7. Moreover, we report the results of MESWB (A = 0.1, 10) at iteration 5000, 10000, and 20000 in Figure 8.
Similarly, we repeat the same experiments with flower images in Figure 9- 11. Overall, we see that es-MFSWB helps to
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 \.
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Source Image Target Image 1 Target Image 2

Figure 6. Harmonized images from USWB, MFSWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at iteration 5000.
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Figure 8. Harmonized images from MFSWB with A = 0.1 and A = 10 at iterations 5000, 10000, and 20000.
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Source Image Target Image 1 Target Image 2

Figure 9. 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 10. Harmonized images from USWB, MESWB (A = 1), s-MFSWB, us-MFSWB, and es-MFSWB at iteration 10000.
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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
s A

Figure 11. Color harmonized images from MFSWB with A = 0.1 and A = 10 at iterations 5000, 10000, and 20000.

Sliced Wasserstein autoencoder with class-fairness representation. We have the data distributions of K > 1 classes i.e.,
i € P(RY) for k = 1,..., K and we would like to estimate an encoder network f, : RY — R" (¢ € ®) and a decoder
network gy, : R" — R? (b € ¥ with R" is a low-dimensional latent space. Given a prior distribution yy € P(R"), p > 1,
k1 € RT, ke € RT, and a minibatch size M > 1, we perform the following optimization problem:

K M
. 1
rglilE KM (X, 9o (fo(Xki)) + £1SWE (Pz, Py, (x,)x ) + 62B(Pz; Prxy) t Prixge)) |
’ k=1 i=1
where (X1,..., Xg) ~ M @ ... @ uM, Z ~ u§™, cis a reconstruction loss, Pz = = Zi\il 025 Py, xapk, =

e S S 6 xys Prxw = o ik Ox,, for k= 1,..., K, and B denotes a barycenter loss ie., USWB,
MFSWB, s-MFSWB, us-MFSWB, and es-MFSWB. This 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). We train the autoencoder on MNIST dataset (LeCun et al., 1998) (d = 28 x 28) with k1 = 8.0, ko = 0.5,
250 epochs, and pig is the uniform distribution on 2D ball (h = 2). Following the training phase, we evaluate the trained
autoencoders on the MNIST test set. Similar to previous experiments, we use the metrics F (denoted as Fiyen) and W
(denoted as Wiyeny) in the latent space distributions fafipi1, . . ., feliitx 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

. K . K

in latent space W;latem = W3 (uo, % D ket fqaﬁ,uk), as well as in image space Wg,image = W3 ( gylipo, % Y ket Mk)-
During evaluation, we approximate 1o by its empirical version of 10000 samples. We report the quantitative result in Table 2,
and reconstructed images, generated images, and images of latent codes in Figure 12 in Appendix D.

We use the RMSprop optimizer with learning rate 0.01, alpha=0.99, eps=1e — 8. As mentioned in the main text, we report
the used neural network architectures:

MNISTAutoencoder
encoder:
MNISTEncoder
features:
Conv2d (1, 16, kernel_size=(3, 3), stride=(1, 1), padding=(1, 1))
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LeakyReLU (negative_slope=0.2, inplace=True)

Conv2d (16, 16, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)

AvgPool2d (kernel_size=2, stride=2, padding=0)

Conv2d (16, 32, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)

Conv2d (32, 32, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)

AvgPool2d (kernel_size=2, stride=2, padding=0)

Conv2d (32, 64, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)

Conv2d (64, 64, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)

AvgPool2d (kernel_size=2, stride=2, padding=1)

fc:
Linear (in_features=1024, out_features=128, bias=True)
RelLU (inplace=True)
Linear (in_features=128, out_features=2, bias=True)
decoder:
MNISTDecoder
fc:

Linear (in_features=2, out_features=128, bias=True)
Linear (in_features=128, out_features=1024, bias=True)
RelLU (inplace=True)
features:
Upsample (scale_factor=2.0, mode=’'nearest’)
Conv2d (64, 64, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)
Conv2d (64, 64, kernel_size=(3, 3), stride=(1, 1), padding=(1, 1))
LeakyReLU (negative_slope=0.2, inplace=True)
Upsample (scale_factor=2.0, mode=’'nearest’)
Conv2d (64, 64, kernel_size=(3, 3), stride=(1, 1))
LeakyReLU (negative_slope=0.2, inplace=True)
Conv2d (64, 64, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)
Upsample (scale_factor=2.0, mode=’'nearest’)
Conv2d (64, 32, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)
Conv2d (32, 32, kernel_size=(3, 3), stride=(1, 1), padding=(1l, 1))
LeakyReLU (negative_slope=0.2, inplace=True)
Conv2d (32, 1, kernel_size=(3, 3), stride=(1, 1), padding=(1, 1))

We report some randomly selected reconstructed images, some randomly generated images, and the test latent codes of
trained autoencoders in Figure 12. 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 surrogates helps to make the codes of classes have approximately
the same structure which do appear in the conventional SWAE’s latent codes.

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 12. Reconstructed images, generated images and latent space of all methods.
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