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Abstract

The sliced Wasserstein (SW) distance has been widely recognized as a statistically effective
and computationally efficient metric between two probability measures. A key component of
the SW distance is the slicing distribution. There are two existing approaches for choosing
this distribution. The first approach is using a fixed prior distribution. The second approach
is optimizing for the best distribution which belongs to a parametric family of distributions
and can maximize the expected distance. However, both approaches have their limitations. A
fixed prior distribution is non-informative in terms of highlighting projecting directions that
can discriminate two general probability measures. Doing optimization for the best distribution
is often expensive and unstable. Moreover, designing the parametric family of the candidate
distribution could be easily misspecified. To address the issues, we propose to design the
slicing distribution as an energy-based distribution that is parameter-free and has the density
proportional to an energy function of the projected one-dimensional Wasserstein distance. We
then derive a novel sliced Wasserstein metric, energy-based sliced Waserstein (EBSW) distance,
and investigate its topological, statistical, and computational properties via importance sampling,
sampling importance resampling, and Markov Chain methods. Finally, we conduct experiments
on point-cloud gradient flow, color transfer, and point-cloud reconstruction to show the favorable
performance of the EBSW.

1 Introduction

The sliced Wasserstein [3] (SW) distance is a sliced probability metric that is derived from the
Wasserstein distance [6, 35| as the base metric. Utilizing the closed-form solution of optimal transport
on one-dimension [35], the SW distance can be computed very efficiently at the time complexity
of O(nlogn) and the space complexity of O(n) when dealing with two probability measures that
have at most n supports. Moreover, the sample complexity of the SW is only O(n~1/2) [24, 34]
which indicates that it does not suffer from the curse of dimensionality in statistical inference.
Therefore, the SW distance has been applied to various domains of applications including point-
cloud applications e.g., reconstruction, registration, generation, and upsampling [29, 39|, generative
models [9], domain adaptation [20], clustering [19], gradient flows |21, 2|, approximate Bayesian
computation [23|, variational inference [45], and many other tasks.

The SW distance can be defined as the expectation of the one-dimensional Wasserstein distance
between two projected probability measures. The randomness comes from a random projecting
direction which is used to project two original probability measures to one dimension. The probability
distribution of the random projecting direction is referred to as the slicing distribution. Therefore, a
central task that decides the effectiveness of the SW in downstream applications is designing slicing
distribution. The conventional sliced Wasserstein distance [3]| simply takes the uniform distribution
over the unit-hypersphere as the slicing distribution. Despite being easy to sample from, the



uniform distribution is not able to differentiate between informative and non-informative projecting
distributions in terms of discriminating two interested probability measures through projection [8].
To avoid a flat prior distribution like the uniform distribution, a different approach tries to find
the best slicing distribution that can maximize the expectation. This distribution is found inside a
parametric family of distribution over the unit-hypersphere [28, 30]. However, searching for the best
slicing distribution often requires an iterative procedure which is often computationally expensive
and unstable. Moreover, choosing the family for the slicing distribution is challenging since the
number of distributions over the unit-hypersphere is limited. Widely used and explicit spherical
distributions such as von Mises-Fisher distribution [15, 30] might be misspecified while implicit
distributions [28] are expensive, hard to adapt to downstream applications, and uninterpretable.

In this paper, we aim to develop new choices of slicing distributions that are both discriminative in
comparing two given probability measures and do not require optimization. Motivated by energy-
based models [22, 14|, we model the slicing distribution by an unnormalized density function which
gives a higher density for a more discriminative projecting direction. To induce that property,
the density function at a projecting direction is designed to be proportional to the value of the
one-dimensional Wasserstein distance between the two corresponding projected probability measures.

Contribution. In summary, our contributions are three-fold:

1. We propose a new class of slicing distribution, named energy-based slicing distribution, which has
the density function proportional to the value of the projected one-dimensional Wasserstein distance.
We further control the flexibility of the slicing distribution by applying an energy function e.g., the
polynomial function, and the exponential function, to the projected Wasserstein value. By using
the energy-based slicing distribution, we derive a novel metric on the space of probability measures,
named energy-based sliced Wasserstein (EBSW) distance.

2. We derive theoretical properties of the proposed EBSW including topological properties, statistical
properties, and computational properties. For topological properties, we first prove that the EBSW
is a valid metric on the space of probability measures. After that, we show that the weak convergence
of probability measures is equivalent to the convergence of probability measures under the EBSW
distance. Moreover, we develop the connection of the EBSW to existing sliced Wasserstein variants
and the Wasserstein distance. We show that the EBSW is the first non-optimization variant
that is an upper bound of the sliced Wasserstein distance. For the statistical properties, we first
derive the sample complexity of the EBSW which indicates that it does not suffer from the curse of
dimensionality. For computational properties, we propose importance sampling, sampling importance
resampling, and Markov Chain Monte Carlo methods to derive empirical estimations of the EBSW.
Moreover, we discuss the time complexities and memory complexities of the corresponding estimations.
Finally, we discuss the statistical properties of estimations including unbiasedness and variance.

3. We apply the EBSW to various tasks including gradient flows, color transfer, and point-cloud
applications. According to the experimental result, the EBSW performs better than existing
projection-selection sliced Wasserstein variants including the conventional sliced Wasserstein |3]
(SW), max sliced Wasserstein [8] (Max-SW), and distributional sliced Wasserstein (DSW) [28, 30].
More importantly, the importance sampling estimation of the EBSW is as efficient and easy to
implement as the conventional SW, i.e., its implementation can be obtained by adding one to two
lines of code.

Organization. The remainder of the paper is organized as follows. We first review the background



on the sliced Wasserstein distance and its projection-selection variants in Section 2. We then define
the energy-based sliced Wasserstein distance, derive their theoretical properties, and discuss its
computational methods in Section 3. Section 4 contains experiments on gradient flows, color transfer,
and point-cloud applications. We conclude the paper in Section 5. Finally, we defer the proofs of
key results, related works, and additional materials in the Appendices.

Notations. For any d > 2, we denote S*1 := {0 € R? | ||]|2 = 1} and U(S?~!) as the unit hyper-
sphere and its corresponding uniform distribution . We denote P(X) as the set of all probability
measures on the set X. For p > 1, P,(X) is the set of all probability measures on the set X that have
finite p-moments. For any two sequences a,, and by, the notation a, = O(b,) means that a, < Cb,
for all n > 1, where C' is some universal constant. We denote 0t is the push-forward measures of
through the function f : RY — R that is f(x) = #Tz. For a vector X € R¥™, X := (x1,...,%), Px
denotes the empirical measures % >ty O,

2 Background

In this section, we first review the definitions of the Wasserstein distance and its projection-selection
variants including max sliced Wasserstein distance and distributional sliced Wasserstein distance.

Sliced Wasserstein. The definition of sliced Wasserstein (SW) distance [3] between two probability
1
measures 1 € Pp(R?) and v € Py(RY) is: SW,(u,v) = (EGNU(S4_1)W£(611M, 91j1/)>p , where the

Wasserstein distance has a closed form which is W (04u, 0fv) = fol \Fe_ﬂ;(z) - Fe_ﬁ;(z)\pdz where Fyy),
and Fjp, are the cumulative distribution function (CDF) of 0fu and 64v respectively. However, the

expectation in the definition of the SW distance is intractable to compute. Therefore, the Monte
1

Carlo scheme is employed to approximate the value: S/Wp(,u, v;L) = (% Zlel Wg(@ljj,u,&ﬁu)); ,

where 01,...,0r iy (S?1) and are referred to as projecting directions. The pushfoward measures
018u, ..., 08p are called projections of p (similar to ). The number of Monte Carlo samples L
is often referred to as the number of projections. When p and v are discrete measures that have
at most n supports, the time complexity and memory complexity of the SW are O(Lnlogn) and
O(L(d+n)) respectively. It is worth noting that S/\\Vg(,u, v; L) is an unbiased estimation of SWE(y, v/),
however, §Wp(,u, v; L) is only asymptotically unbiased estimation of SW, (1, 7). Namely, we have
§\\7Vp(u, v; L) — SWy(p, v) when L — oo (law of large numbers).

Distributional sliced Wasserstein. As discussed, using the uniform distribution over projecting
directions is not suitable for two general probability measures. A natural extension is to replace
the uniform distribution with a "better" distribution on the unit-hypersphere. Distributional
sliced Wasserstein [28] suggests searching this distribution in a parametric family of distributions
by maximizing the expected distance. The definition of distributional sliced Wasserstein (DSW)
distance [28] between two probability measures p € P,(R?) and v € P,(R?) is: DSW,(u,v) =

1
MaXypewy (ngaw(g))wg(ﬁﬁu, 9ﬁu)> " where 0,(0) € P(S%1), e.g., von Mises-Fisher [15] distribution
with unknown location parameter oy (0) := vMF(f|e, k), 1 = € [30]. After using 7' > 1 (projected)
stochastic (sub)-gradient ascent iterations to obtain an estimation of the parameter Y, Monte Carlo

samples 01,...,0;, e b (0) are used to approximate the value of the DSW. Interestingly, the
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metricity DSW holds for non-optimal ¢ as long as o @T(G) are continuous on S ! e.g., vVMF with
Kk < 00 [29]. In addition, the unbiasedness property of the DSW is the same as the SW, namely,
when L — oo, the empirical estimation of the DSW converges to the true value. The time complexity
and space complexity of the DSW are O(LTnlogn) and O(L(d 4+ n)) in turn without counting the
complexities of sampling from o @T(H). We refer to Appendix B.1 for more details, e.g., equations,
algorithms, and discussion.

Max sliced Wasserstein. By letting the concentration parameter k — oo, the vMF distribution
degenerates to the Dirac distribution vMF(f|e,x) — J¢, we obtain the max sliced Wasserstein
distance [8]. The definition of max sliced Wasserstein (Max-SW) distance between two probability
measures 1 € Pp(R?) and v € P,(R?) is: Max-SW,, (11, ) = maxgega—1 Wy (041, 0fv). Similar to the
DSW, the Max-SW is often computed by using T' > 1 iterations of (projected) (sub)-gradient ascent
to obtain an estimation of the "max" projecting direction Or. After that, the estimated value of
the Max-SW is Wp(éTttu, éTﬁy). The time complexity and space complexity of the Max-SW are
O(Tnlogn) and O(d+n). It is worth noting that the Max-SW is only a metric at the global optimum
0*, hence, we cannot guarantee the metricity of the Max-SW due to the non-convex optimization [34]
problem even when 7' — co. Therefore, the performance of Max-SW is often unstable in practice [26].
We refer the reader to Appendix B.1 for more details e.g., equations, algorithms, and discussions
about the Max-SW.

3 Energy-Based Sliced Wasserstein Distance

From the background, we observe that using a fixed slicing distribution e.g., in the SW, is computa-
tionally efficient but might be not effective. In contrast, using optimization-based slicing distributions
is computationally expensive e.g., in the DSW, and is unstable e.g., in the Max-SW. Therefore, we
address previous issues by introducing a novel sliced Wasserstein variant that uses optimization-free
slicing distribution which can highlight the difference between two comparing probability measures.

3.1 Energy-Based Slicing Distribution

We first start with the key contribution which is the energy-based slicing distribution.

Definition 1. For any p > 1, dimension d > 1, an energy function f : [0,00) — © C (0,00) and two
probability measures i € Pp(RY) and v € RY, the energy-based slicing distribution ouw(0) supported
on S is defined as follow:

POV 8, 080)
Jsa—r (WD (O, 08v))dO’

where the image of f is in the open interval (0,00) is for making o,,,(0) continuous on S*~*

U,u,u(e; f) X f(W;’;(@ﬁ% Hﬁy)) = (1)

In contrast to the approach of the DSW which creates the dependence between the slicing distribution
and two input probability measures via optimization, the energy-based slicing distribution obtains
the dependence by exploiting the value of the projected Wasserstein distance between two input
probability measures at each support.

Monotonically increasing energy functions: Similar to previous works, we again assume that
"A higher value of projected Wasserstein distance, a better projecting direction”. Therefore, it is



natural to use a monotonically increasing function for the energy function f. We consider the
following two functions: the exponential function: f.(z) = e*, and the shifted polynomial function:
fq(z) = 29 + € with ¢,e > 0. The shifted constant ¢ helps to avoid the slicing distribution undefined
when two input measures are equal. In a greater detail, when p = v, we have Wg(@ﬁu, 0fv) =0
for all 8 € ST due to the identity property of the Wasserstein distance. Hence, (05 f) oc O for
0 € S ! and f(z) = 29 (¢ > 0). Therefore, the slicing distribution o, (6; f) is undefined due to an
invalid density function. In practice, it is able to set € = 0 since we rarely deal with two coinciding
measures.

Other energy functions: We can choose any positive function for energy function f and it will
result in a valid slicing distribution. However, it is necessary to come up with an assumption for the
choice of the function. Since there is no existing other assumption for the importance of projecting
direction, we will leave the investigation of non-increasing energy function f to future works.

Example 1. Let = N(m,v?I) and v = N (m,v3])) are two location-scale Gaussian distributions
with the same means, we have their projections are 0 = N'(0"m,v?) and 04y = N'(0"m, v3). Based
on the closed form of the Wasserstein distance between two Gaussians [10], we have W3(04u, 0fv) =
(v1 — v2)? for all 0 € S¥1 which leads to ouw(0; f) = U(SYY) for definitions of energy function f in
Definition 1.

Example 1 gives a special case where we can have the closed form of the slicing function.

Applications to other sliced probability metrics and mutual information: In this paper,
we focus on comparing choices of slicing distribution in the basic form of the SW distance. The
proposed energy-based slicing distribution can be adapted to other variants of the SW that are
not about designing slicing distribution e.g., non-linear projecting [18], hierarchical projecting [32],
orthogonal projecting directions [37], sequential projecting directions [31], and so on. Moreover, the
energy-based slicing approach can be applied to other sliced probability metrics e.g., sliced score
matching [40], and sliced mutual information [12].

3.2 Definitions, Topological, and Statistical Properties of Energy Based Sliced
Wasserstein

With the definition of energy-based slicing distribution in Definition 1, we now are able to define the
energy-based sliced Wasserstein (EBSW) distance.

Definition 2. For any p > 1, dimension d > 1, two probability measures y € Pp(Rd) and v € R,
the energy function f : [0,00) — (0,00), and the energy-based slicing distribution o,,(0; f), the
energy-based sliced Wasserstein (EBSW) distance is defined as follows:

EBSW, (1, v: f) = (Bon, o 0.5) [ WE(O811,680)]) 7 (2)

We now derive some theoretical properties of the EBSW distance.

Topological Properties. We first investigate the metricity of the EBSW distance.

Theorem 1. For any p > 1, the energy-based sliced Wasserstein EBSW), is a semi-metric in the
probability space on R, namely it satisfies non-negativity, symmetry, and identity.



Next, we establish the connections among the EBSW, the SW, the Max-SW, and the Wasserstein.

Proposition 1. (a) For any p > 1 and increasing energy function f, we find that SW,(u,v) <
EBSW,(u,v; f). The equality holds when f(x) = ¢ for some positive constant ¢ for all x € [0, 00).
(b) For any p > 1 and energy function f, we have EBSWy(u,v; f) < Max-SWy(p,v) < Wy(p, v).

Proof of Proposition 1 is in Appendix A.2. The results of Proposition 1 indicate that for increasing
energy function f, the EBSW is lower bounded by the SW while it is upper bounded by the Max-SW.
It is worth noting that the EBSW is the first variant that changes the slicing distribution while still
being an upper bound of the SW.

Theorem 2. For any p > 1 and energy function f, the convergence of probability measures under
the energy-based sliced Wasserstein distance EBSW),(-,-; f) implies weak convergence of probability
measures and vice versa.

Theorem 2 implies that for any sequence of probability measures (ug)geny and g in Pp(]Rd),
limg— 00 EBSW,, (g, p1; f) = 0 if and only if for any continuous and bounded function f : R? — R,
limyy00 [ f dp = [ f dpp. The proof of Theorem 2 is in Appendix A.3.

Statistical Properties. From Proposition 1, we derive the sample complexity of the EBSW.

Proposition 2. Let X1, Xo,..., X, be i.i.d. samples from the probability measure pu being supported
on compact set of RE. We denote the empirical measure i, = %Z?:l dx,. Then, for any p > 1 and

energy function f, there exists a universal constant C' > 0 such that

E[EBSWy(n, 5 f)] < C\/(d+ 1) logn/n,

where the outer expectation is taken with respect to the data X1, Xo,..., X,.

The proof of Proposition 2 is given in Appendix A.4. From this proposition, we can say that the
EBSW does not suffer from the curse of dimensionality. We will discuss other statistical properties
of approximating the EBSW in the next section.

3.3 Computational Methods and Computational Properties
Calculating the expectation with respect to the slicing distribution o, (6; f) is intractable. Therefore,
we propose some Monte Carlo estimation methods to approximate the value of the EBSW distance.

3.3.1 Importance Sampling

The most simple and computationally efficient method that can be used is importance sampling
(IS) [17]. The idea is to utilize an efficient-sampling proposal distribution oo(#) € P(S?~1) to provide
Monte Carlo samples. After that, we use the density ratio between the original slicing distribution
and the proposal distribution to weight samples. We can rewrite the EBSW distance as:

Boro(0) [WH(OhH: 02) 00,5 (0)] ) % (3)

EBSWp(p, v f) = ( Y o)



where o(0) € P(S?!) is the proposal distribution, and w,, . £ (0) = %W is the importance

weighted function. The detailed derivation is given in Appendix B.2. Let 61, ...,0r be ii.d samples
from o(6), the importance sampling estimator of the EBSW (IS-EBSW) is: IS-EBSW,,(u, v; f, L) =
1

(3 by [Wh (i, 0080 ) 000, (00)] ) wWhere w5 (01) = 2201 %0 — i the normalized
pIa wmu,oo’f(el’)

importance weights. When we choose o¢(f) = U(S?!) = I;Sfd/ /22) (a constant of #), hence, we can

replace wy, v 0, (60) with f(WE(0,8u, 0/8v)). When we choose the energy function f(x) = e®, computing

Wy w00, (01)
ZiLzl w,u,,u,o'o,f(ei)

the normalized importance weights ., 7(6;) = is equivalent to computing the

Softmax function.

Computational algorithms and complexities. The computational algorithm of IS-EBSW can
be derived from the algorithm of the SW distance by adding only one to two lines of code for
computing the importance weights. For a better comparison, we give algorithms for computing
the SW distance and the EBSW distance in Algorithm 1 and Algorithm 4 in Appendix B.1 and
Appendix B.2 respectively. When p and v are two discrete measures that have at most n supports,
the time complexity and the space complexity of the IS-EBSW distance are O(Lnlogn + Lnd) and
O(L(n + d)) which are the same as the SW.

Unbiasedness. The IS approximation is asymptotically unbiased for EBSW?(u, v; f). However,
having a biased estimation is not severe since the unbiasedness cannot be preserved after taking
the p-rooth (p > 1) like in the case of the SW distance. Therefore, an unbiased estimation of

EBSW?(u, v; f) is not very vital. Moreover, we can show that ISﬁWi(u, v; f, L) is an unbiased
estimation of the power p of a valid distance. We refer the reader to Appendix B.2 for the detailed
definition and properties of the distance. From this insight, it is safe to use the ISSEBSW in practice.

Gradient Estimation. In statistical inference, we might want to estimate the gradient V4 4EBSW (114, v; f)
for doing minimum distance estimator [43]. Therefore, we derive the gradient estimator of the EBSW
with importance sampling in B.2.

3.3.2 Sampling Importance Resampling and Markov Chain Monte Carlo

The second approach is to somehow sample from the slicing distribution o, (0; f). For exam-

ple, when we have 6y,...,0; are approximately distributed following o, (0; f), we can take
1

(% Elel Wg(&lﬁu,ﬁlﬁu)>p as the approximated value of the EBSW. Here, we consider two fa-

mous approaches in statistics: Sampling Importance Resampling [13] (SIR) and Markov Chain
Monte Carlo (MCMC). For MCMC, we utilize two variants of the Metropolis-Hasting algorithm:
independent Metropolis-Hasting (IMH) and random walk Metropolis-Hasting (RMH).

Sampling Importance Resampling. Similar to importance sampling in Section 3.3.1, the SIR
uses a proposal distribution o () to obtain L samples 6], ...,07 and the corresponding normalized

. . N V.o 0 .
importance weights Wy, ..+, ¢(0]) = Z:waw—Of(;)(G’) After that, the SIR creates the resampling
1= V500, i

distribution which is a Categorical distribution ¢(0) = Zlel Wy,v,00,f(01)9g;. Finally, the SIR draws
L samples 64,...,0; i G(0). We denote the SIR estimation of the EBSW distance as SIR-EBSW.
Markov Chain Monte Carlo. MCMC creates a Markov chain that has the stationary distribution
as the target distribution. The most famous way to construct such a Markov chain is through the



Metropolis-Hastings algorithm. Let the starting sample follow a prior distribution 6, ~ o¢(0) €
P(S?1), a transition distribution o4(6;6;_1) € P(S!) for any timestep ¢ > 1 is used to sample a
candidate 6]. After that, the new sample 6; is set to 6] with the probability « and is set to 6;_1 with

9 : ., ouw (04:F) or(0-110)\ _ . SOWED(0181,018v)))  oe(:—1]6})
the probability 1 —«a with v = min (1, Uui(eti1§f) at(é\&i)) = min (1, f(Wg(ept—iﬂM,e:—luV))) Ut(92|9t7f)>.

In theory, T" should be large enough to help the Markov chain to mix to the stationary distribution
and the first M < T samples are often dropped as burn-in samples. However, for keeping the
computational complexity the same as the previous computational methods, we set T' = L and
M = 0. The first choice of transition distribution is oy (6;|6;—1) = U(S?1) which leads to independent
Metropolis-Hasting (IMH). The second choice is o¢(0;|0;—1) = vMF(60;|60;—1, <) (the von Mises-Fisher
distribution [15] with location 6;_;) which leads to random walk Metropolis-Hasting (RMH). Since
both above transition distributions are symmetric oy (0;0;—1) = 0¢(0;—1|6:), the acceptance probability
J(Wp(0;41.048v)))
» F(WH(0r—18p.01—1£1)))
and 0] is always accepted as 6; if it can increase the energy function. We refer to the IMH estimation

and the RMH estimation of the EBSW distance as IMH-EBSW and RMH-EBSW in turn.

turns into a = min (1 ) which means that the acceptance probability equals 1

Computational algorithms and complexities. We refer the reader to Algorithm 5, Algorithm 6,
and Algorithm 7 in Appendix B.3 for the detailed algorithms of the SIR-EBSW, the IMH-EBSW, and
the RMH-EBSW. Without counting the complexity of the sampling algorithm, the time complexity
and the space complexity of both the SIR and the MCMC estimation of EBSW are O(Lnlogn+ Lnd)
and O(L(n + d)) which are the same as the IS-EBSW and the SW distance. However, the practical
computational time and memory of the SIR and the MCMC estimation depend on the efficiency of
implementing the sampling algorithm e.g., resampling and acceptance-rejection.

Unbiasedness. The SIR and the MCMC sampling do not give an unbiased estimation for
EBSWZE(p, v; f). However, they are also unbiased estimations of the power p of a valid distance. We
refer to Appendix B.3 for detailed definitions and properties of the distance. Therefore, it is safe to
use the approximation from the SIR and the MCMC.

Gradient Estimation: In the IS estimation, the expectation is with respect to the proposal
distribution o¢(¢) that does not depend on two input measures j. In the SIR estimation and
the MCMC estimation, the expectation is with respect to the slicing distribution o, ¢>’V(‘9’ f) that
depends on fi45. Therefore, the log-derivative trick (Reinforce) should be used to derive the gradient
estimation. We give the detailed derivation in Appendix B.3. However, the log-derivative trick is
often unstable in practice. A simpler solution is to create the slicing distribution from an independent
copy of pi4. In particular, we denote py is the independent copy of pg with ¢’ equals ¢ in terms
of value. Therefore, we can obtain the slicing distribution o, ¢,’V(0; f) that does not depend on fi4.
This approach still gives the same value of distance, we refer to Appendix B.3 for a more careful
discussion.

4 Experiments

In this section, we first visualize the shape of the energy-based slicing distribution in a simple case.
After that, we focus on showing the favorable performance of the EBSW compared to the other sliced
Wasserstein variants in point-cloud gradient flows, color transfer, and deep point-cloud reconstruction.
In experiments, we denote EBSW-e for the exponential energy function i.e., f(z) = e*, and EBSW-1
for the identity energy function i.e., f(x) = z. We use p = 2 for all sliced Wasserstein variants.
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Figure 1: Visualization of the true and the sampled energy-based slicing distributions, the optimal vMF distribution
from the v-DSW, and the max projecting direction from the Max-SW.

4.1 Visualization of energy-based slicing distribution

We visualize the shape of the energy-based slicing distribution in two dimensions in Figure 1. In
particular, we consider comparing two empirical distributions in the left-most figure (taken from [11]).
We utilize the SIR, the IMH, and the RMH to obtain 10* Monte Carlo samples from the energy-based
slicing distribution. For the IMH and the RHM, we burn in the 10* samples. After that, we use the
von Mises kernel density estimation to obtain the density function. We also present the ground-truth
density of the energy-based slicing distribution by uniform discretizing the unit-sphere. Moreover,
we also show the optimal vMF distribution from the DSW (tuning x € {1,5,10,50,100}) and the
"max" projecting direction from the Max-SW (7" = 100, step size 0.1). The middle figure is according
to the energy function fij(z) = x and the right-most figure is according to the energy function
fe(x) = €®. From the figures, we observe that all sampling methods can approximate well the true
slicing distribution. In contrast, the vMF distribution from v-DSW is misspecified to approximate
the energy distribution, and the "max" projecting direction from the Max-SW can capture only one
mode. We also observe that the exponential energy function makes the density more concentrated
around the modes than the identity energy function (polynomial of degree 1).

4.2 Point-Cloud Gradient Flows

We model a distribution u(t) flowing with time ¢ along the gradient flow of a loss functional u(t) —
D(u(t),v) that drives it towards a target distribution v [38] where D is our sliced Wasserstein variants.
We consider discrete flows, namely. we set v = % >oi Oy, as a fixed empirical target distribution
and the model distribution u(t) = %Z?:l dx,(t)- Here, the model distribution is parameterized by
a time-varying point cloud X (¢) = (X;(t));", € (]Rd)n. Starting from an initial condition at time
t = 0, we integrate the ordinary differential equation X (t) = —nV X(t) [D (% Y1 0x, (1) V)] for each

iteration. We choose 1(0) and v are two point-cloud shapes in ShapeNet Core-55 dataset [5]. After
that, we solve the flows by using the Euler scheme with 500 iterations and step size 0.0001.

Quantitative Results. We show the Wasserstein-2 distance between pu(t) and v

(t € {0,100, 200, 300, 400,500}) and the computational time of the SW variants in Table 1. Here, we
set L = 100 for SW, and EBSW variants. For the Max-SW we set T' = 100, and report the best
result for the step size for finding the max projecting direction in {0.001,0.01,0.1}. For the v-DSW,



Figure 2: Gradient flows from the SW, the Max-SW, the v-DSW, and the IS-EBSW-e in turn.

Table 1: Summary of Wasserstein-2 scores (multiplied by 10*) from three different runs, computational time in
second (s) to reach step 500 of different sliced Wasserstein variants in gradient flows.

Distances  Step 0 (W2 |) Step 100 (W2 ]) Step 200 (W2 |) Step 300 (Wg]) Step 400(W3 ) Step 500 (W2 |)  Time (s )

SW 2048.29 £0.0 986.93 £ 9.55 350.66 £ 5.32 99.69 £ 1.85 27.03 £0.65 9.41£0.27 17.06 = 0.45
Max-SW 2048.29 £ 0.0 506.56 £ 9.28 93.54 £ 3.39 22.2+0.79 9.62 +£0.22 6.83 £0.22 28.38 £0.05
v-DSW 2048.29 £0.0 649.33 £8.77 127.4 4+ 5.06 29.44 £1.25 10.95 £ 1.0 5.68 £ 0.56 21.2+£0.02

IS-EBSW-e  2048.294+0.0 419.09 + 2.64 71.02+0.46 18.2+0.05 6.9+ 0.08 3.3+0.08 17.63 +0.02

we report the best result for (L, T) € {(10, 10), (50,2), (2,50)}, x € {1,10,50}, and the learning rate
for finding the location in {0.001,0.01,0.1}. We observe that the IS-EBSW-e helps to drive the flow
to converge faster than baselines. More importantly, the computational time of the IS-EBSW-e is
approximately the same as the SW and is faster than both the Max-SW and the v-DSW. We report
more detailed experiments with other EBSW variants and different settings of hyperparameters
(L,T) in Table 3 in Appendix C.1. From the additional experiments, we see that the EBSW-e
variants give lower Wasserstein-2 distances than the baseline with the same scaling of complexity
(same L/T). Despite having comparable performance, the SIR-EBSW-e, the IMH-EBSW-e, and the
RMH-EBSW-e (k = 10) are slower than the IS-EBSW-e variant. Also, we see that the EBSW-e
variants are better than the EBSW-1 variants. We refer to Table 4 for comparing gradient estimators
of the EBSW.

Qualitative Results. We show the point-cloud flows of the SW, the Max-SW, the v-DSW, and the
IS-EBSW-¢, in Figure 2. The flows from the SIR-EBSW-¢, the IMG-EBSW-e, and the RMH-EBSW-e
are added in Figure 4 in the Appendix C.1. From the figure, the transitions of the flows from the
EBSW-e variants are smoother to the target than other baselines.

4.3 Color Transfer

We build a gradient flow that starts from the empirical distribution over the color palette (RGB)
of the source image to the empirical distribution over the color palette (RGB) of the target image.
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Figure 3: The figures show the source image, the target image, the transferred images from sliced Wasserstein
variants, the corresponding Wasserstein-2 distances to the target color palette, and the computational time.

Table 2: Reconstruction errors from three different runs of autoencoders trained by different distances. The sliced
Wasserstein distance and the Wasserstein distance are multiplied by 100.

Distance ‘ Epoch 20 ‘ Epoch 100 ‘ Epoch 200 ‘
| SWa(l) Wo(l) | SWa(d) Wa(l) | SWa () Wo(l) |
SW 297+£0.14 12.67+£0.18 | 2.29+0.04 10.63+0.05 | 2.15£0.04 9.97£0.08
Max-SW 291+0.06 12.33+0.05 | 2.24+0.05 10.404+0.06 | 2.14+0.10 9.84 £0.12
v-DSW 2.84+0.02 12.64+0.02 | 221+0.01 10.524+0.04 | 2.07£0.09 9.81£0.05

IS-EBSW-¢ | 2.68 £0.03 11.90+0.04 | 2.18+0.04 10.27+0.01 | 2.04+0.09 9.69+0.14

Since the value of the color palette is in the set {0,...,255}3, we must do an additional rounding
step at the final step of the Euler scheme with 2000 steps and step size 0.0001.

Results. We use the same setting for the SW variants as in the previous section. We show both
transferred images, corresponding computational times, and Wasserstein-2 distances in Figure 3. We
observe the same phenomenon as in the previous section, namely, the IS-EBSW-e variants perform
the best in terms of changing the color of the source image to the target in the Wasserstein-2 metric
while the computational time is only slightly higher. Moreover, the transferred image from the
IS-EBSW-e is visually more similar to the target image in color than other baselines, namely, it has
a less orange color. We refer to Figure 5 in Appendix C.2 for additional experiments including the
results for the SIR-EBSW-e, the IMH-EBSW-e, the RMH-EBSW-¢, the results for the identity energy
function, the results for changing hyperparamters (L,T'), and the results for comparing gradient
estimators. Overall, we observe similar phenomenons as in the previous gradient flow section.

4.4 Deep Point-Cloud Reconstruction

We follow [33] to train point-cloud autoencoders with sliced Wasserstein distances on the ShapeNet
Core-55 dataset [5]. In short, we aim to estimate an autoencoder that contains an encoder f,
that maps a point cloud X € R™ to a latent code z € R", and a decoder gy that maps the latent
code z to a reconstructed point cloud X € R™. We want to have the pair fe and gy such that
X = gy(fs(X)) = X for all X ~ p(X) which is our data distribution. To do that, we solve the
following optimization problem: ming , Ex,x)[S(Px, Py, s " x))), where S is a sliced Wasserstein
variant, and Px denotes the empirical distribution over the point cloud X. The backbone for the
autoencoder is a variant of Point-Net [36] with an embedding size of 256. We train the autoencoder
for 200 epochs using an SGD optimizer with an initial learning rate of le-3, a batch size of 128, a

momentum of 0.9, and a weight decay of 5e-4. We give more detail in Appendix C.3

Quantitative Results. We evaluate the trained autoencoders on a different dataset: ModelNet40
dataset [44] using two distances: sliced Wasserstein distance (L = 1000), and the Wasserstein
distance. We follow the same hyper-parameters settings as the previous sections and show the
reconstruction errors at epochs 20, 100, and 200 from the SW, the Max-SW, the DSW, and the

11



IS-EBSW-¢ in Table 2. The reconstruction errors are the average of corresponding distances on all
point-clouds. From the table, we observe that the ISSEBSW-e can help to train the autoencoder
faster in terms of the Wasserstein distance and the sliced Wasserstein distance. We refer to Table 5
in Appendix C.3 for similar ablation studies as in the previous sections including the results for the
SIR-EBSW-e, the IMH-EBSW-e, the RMH-EBSW-e, the results for the identity energy function,

the results for changing hyperparameters (L, T"), and the results for comparing gradient estimators.

Qualitative Results. We show some ground-truth point-clouds ModelNet40 and their corresponding
reconstructed point-clouds from different models (L = 100) at epochs 200 and 20 in Figure 6- 7
respectively. Overall, the qualitative results are visually consistent with the quantitative results.

5 Conclusion

We have presented a new variant of sliced Wasserstein distance, named energy-based sliced Wasserstein
(EBSW) distance. The key ingredient of the EBSW is the energy-based slicing distribution which
has a density at a projecting direction proportional to an increasing function of the one-dimensional
Wasserstein value of that direction. We provide theoretical properties of the EBSW including the
topological properties, and statistical properties. Moreover, we propose to compute the EBSW with
three different techniques including importance sampling, sampling importance resampling, and
Markov Chain Monte Carlo. Also, we discuss the computational properties of different techniques.
Finally, we demonstrate the favorable performance of the EBSW compared to existing projecting
directions selection sliced Wasserstein variants by conducting experiments on point-cloud gradient
flows, color transfer, and deep point-cloud reconstruction.
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Supplement to “Energy-Based Sliced Wasserstein Distance"

We first provide skipped proofs in the main text in Appendix A. We then provide additional materials
including additional background, detailed algorithms, and discussion in Appendix B. Additional
experimental results in point-cloud gradient flows, color transfer, and deep point-cloud reconstruction
in Appendix C. Finally, we report the computational infrastructure in Appendix D.

A Proofs

A.1 Proof of Theorem 1

Non-negativity and Symmetry. the non-negativity and symmetry properties of the EBSW follow
directly by the non-negativity and symmetry of the Wasserstein distance since it is an expectation
of the one-dimensional Wasserstein distance.

Identity. We need to show that EBSW,(p, v; f) = 0 if and only if u = v. First, from the definition
of EBSW, we obtain directly i = v implies EBSW,(p, v; f) = 0. For the reverse direction, we use
the same proof technique in [4]. If EBSW, (i, v; f) = 0, we have ‘gg » (08p, 04v) doy, l,(9 fy=0.
Hence, we have W, (0fu, 0fv) = 0 for o, ,(6; f)-almost surely § € S*~1. Slnce 0uw(0; f) is continuous,
we have W, (64, 04r) = 0 for all 6 € S%=1 . From the identity property of the Wasserstein distance,
we obtain 0fu = 04v for 0, (0; f)-a.e 0 € S%1. Therefore, for any t € R and 6 € S* !, we have:

Fll(9) = [ "0 duta) = [ e dngutz) = Flosn
= V() = [ e ®doty(z) = e~ M) 4y () = Flv
Fiogl(t) = [ e domiz) = [ e ONdva) = Firleo),

where F[y = [pa €% ¥ dy(x) denotes the Fourier transform of v € P(RY). By the injectivity
of the Fourler transform, we obtain g = v which concludes the proof.

A.2 Proof of Proposition 1

(a) We first provide the proof for the inequality SWy,(i,v) < EBSW,(p,v; f). It is equivalent to
prove that

Epzisa-1y [WE(0811,08v)] < Eomr, 05y [WE(O31, 050)] -
From the law of large number, it is sufficient to demonstrate that

1 ¢ E W (Ot 0580) f OWE (Bitpe, Oitv))
e Wp 91 ,(91' 14 S p ¢ v p ¢ ] , 4
L; o (O Bi) ; SF L FWE (O, i) @

forany L > 1 and 64,...,60r iid. U(ST1). To ease the presentation, we denote a; = W} (0:8p, 0:8v)

and b; = f(W}) (08, Gljjy)) for all 1 <14 < L. The inequality equation 4 becomes:

L L L
(Z az‘)(z bi) < Zaibi- (5)
=1 =1

i=1

SI
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We prove the inequality equation 5 via an induction argument. It is clear that this inequality
holds when L = 1. We assume that this inequality holds for any L. We now verify that the
inequality equation 5 also holds for L+ 1. Without loss of generality, we assume that a1 < ag < ... <
ar, < ap41. Since the function f is an increasing function, it indicates that by < by < ... <bp <br41.
Applying the induction hypothesis for ai,...,ar and by, ...,by, we find that

L L L
i=1 =1

This inequality leads to

L+1 L+1 L L

Zaz Zb <Lzazb + Zai)bL+1+(Zbi)aL+l+CLL+1bL+1
=1 =1 =1 1

i=
Therefore, to obtain the conclusion of the hypothesis for L + 1, it is sufficient to demonstrate that

L+1

L L L
L Z a;b; + Z a;)bry1 + Z bi)ar+1 + arp+1bry1 < (L + 1)(2 a;bi),
i=1 i=1 i=1 =1

which is equivalent to show that

L L L

O ai)brar+(Q_bi)art1 <Y aibi + Lapi1bryr. (6)

i=1 =1 =1

Since ary1 > a; and by > b; for all 1 < i < L, we have (ar4+1 — a;)(br+1 — b;) > 0, which is
equivalent to ary1br+1 + aib; > ap41b; + bp4qa; for all 1 <4 < L. By taking the sum of these
inequalities over ¢ from 1 to L, we obtain the conclusion of inequality equation 6. Therefore, we
obtain the conclusion of the induction argument for L + 1, which indicates that inequality equation 5
holds for all L. As a consequence, we obtain the inequality SW,(u,v) < EBSW,(u, v; f).

(b) We recall the definition of the Max-SW:

Max-SWp (1, v) = Jnax, W (08u, 0fv).

Since S is compact and the function § — Wy (081, 04rv) is continuous, we have
0* = argmaxgega—1 Wy (081, 04v). From Definition 2, for any p > 1, dimension d > 1, energy-function
f, and p, v € P,(R?) we have:

1
EBSWP(:UH V) = (Eewauyu(e;f) [Wp (eﬁlu’7 eﬁl/)] ) P
1
< (EGNJM,V(Q;]”)) [Wp (Q*ﬁﬂa H*ﬂy)] ) P= Wﬁ (Q*ﬁ,ua 0" fv) = MaX'SWP(,Uv V).

LSS
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Furthermore, by applying the Cauchy-Schwartz inequality, we have:

Max-SWP(u, v) = max ( inf /Rd GTxHTy‘pdTr(az,y)>

0eSd—1 \ wel(p,v)

< max inf Ol|P||x — y||Pdm (=,
< mas, (WEHW) Lo ol - yipan y>>

— nf / 101Pllz — ylPdn(z, )
m€ll(p,v) JRd xR

= inf / z — y||Pdn(x,
ot RdedH yllPdn(z,y)

=Wy (u,v),

after taking the p-rooth, we completes the proof.

A.3 Proof of Theorem 2

We aim to show that for any sequence of probability measures (u)ken and g in Pp(R?),

limg— 00 EBSW,, (g, 13 f) = 0 if and only if for any continuous and bounded function f : R? — R,
limgyo0 [ f dp = [ f du. We follow the proof techniques in [25]. We first state the following
lemma.

Lemma 1. For any p > 1, energy function f, and dimension d > 1, a sequence of probability
measures (i )ken satisfies limy_s oo EBSWy(uk, 13 f) = 0 with p in Pp(R?), there exists an increasing

function ¢ : N — N such that the subsequence (/%(k))keN converges weakly to p.

Proof. Since limy_, o EBSW,,(pu, 15 f) = 0, we have limg o0 foa—1 Wy (0, 0f1) do,, (05 f) = 0.
From Theorem 2.2.5 in [1], there exists an increasing function ¢ : N — N such that

limy, 00 Wp (08¢, 0fiv) = 0 for 0, (0; f)-a.e 6 € S?=1. From [41], the Wasserstein distance of order
p implies weak convergence in P,(R?), hence,(@ﬁu¢(k)) converges weakly to 0fu for o, ,(0; f)-a.e

6 e s,

keN

Let @, = [pa €U dp(w) be the characteristic function of u € P,(R%), the weak convergence implies
the convergence of characteristic function (Theorem 4.3 [16]): limg—o0 Posu(,, (5) = Pogu(s), Vs €

R, for 0,,,(0; f)-a.e 6 € S=1. Therefore, limy_, D1y (2) = Ppu(2), for almost most every z € R,

We denote fy(z) = f* gy(z) = (27772)_d/2 Jga f(@ — z)exp (—||2]|?/ (27?)) dz for any v > 0 and a
continuous function f : R — R with compact support, and g~ is the density function of N (0,vIy).
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Now, we have:
/ Ty (2)dpg ) (2 / / f(w)gy(z — w)dw dpgry(2)

/Rd/ "
91/5(z)dz dw dprgr) (2)

w) (2
. / /

= (2m9%) / / /Rd wmeilerl g, (z)de dw dugy(2)
L

271'7 e~ 91/7( )/Rd (=) dpg(ry(z)dr dw
—d/2 i
— (2m?) Y / / w)e g, (), (x)da du

= 202 [ Flf)@)g1) (@), (2)de,

7 exp(—lz — wl[2/(29%)dw dugq (2)

i{z—w,z)

Rd

fRd' f(x) e_i<“”m>dx denotes the Fourier transform of the bounded function f. Similarly, we have:

/fw e //f w)g, (= — w)dw du(2)

where the third equality is because [ ei<z—w7$>g1/7(x)d:c = exp(—||z — w||?/(27?)), and F[f](w) =

-/ / F(w) (277%) " exp(— 2 — wlP/(27?)dw du2)
= (2m7°) // / et gy ()de dw dp(z)
— (27?) / / / Sitwa) el g (@)de dw dp(z)
~ (274?) / / Je g () /R ) du(z)dr du

= (2m%) d/Q/ / w)e gy ()@ ()de dw
— (2777 d/z/ F[f](x)gl/v(x)q)u(x)dx.
Rd

We know that F[f] exists and is bounded by [p4|f(w)|dw < 400 since f has compact support.
Hence, for any x € R% and k € R, we have ’f[f](:v)gl/v(a:)@%(k) ()| < g1/5(2) [ga |f(w)|dw and

{]: ) g1 /4(2) Py (2 )| < 91/4(x) Jga |f(w)|dw. Using the proved result of limy_,q Dy (2) = Cu(2)
and Lebesgue’s Dominated Convergence Therefore, we obtain

—d
hm/ Jy(2)dpgm (2) = hm (2777 /2/ FL1(@) g1/ (2) Py, (2)dz

= (2m92) /R FL@)g1/ (1) ()
= [ £ Ganc)
]Rd
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Moreover, we have:

lim lim sup

[ gy [ FEau:

720 ko400
< lim lim sup [2 sup | f(z) — fy(2)] + ‘/ fr(2)dpga (2 / fy(2)du(z ]
70 ko400 z€R4
= lim 2 sup [f(2) - f1(2)[ =0,
170 R
which implies (u¢(k))k€N converges weakly to p. O

Continuing the proof of Theorem 2, we show that limy oo EBSW,(pr, i1; f) = 0 implies () ey
converges weakly to u. Let (u¢(k))keN be a sequence such that limy_,oo EBSW,(p, 5 f) = 0,
we suppose ('ud’(k))keN does not converge weakly to p. So, let Dp be the Lévy-Prokhorov metric,

limg 00 Dp(uy,,p) 7 0 that implies there exists € > 0 and a subsequence (Mw(k)) keN with an increasing
function ¢ : N — N such that for any k € N: Dp (i), ) > €. Using the Holder inequality with
w,v € Py(RY), we have:

EBSW, (11,5 1) = (Egar,, 037) [WE (011, 030)]) 7
> Eoo,, 0:5) [Wp (081, 080)]
> By, 0:5) (W1 (081, 04v)]
= EBSW; (i, v; f).

Therefore, limy oo EBSW1 (411, 15 f) = 0 which implies that there exists s a subsequence (u¢(¢(k)))

keN
with an increasing function ¢ : N — N such that (qu(w(kr)))

pen converges weakly to p by Lemma 1.
Therefore a contradiction appears, namely, limy_, o, dp (/%(df(k))’ ,u) = 0. Therefore,
limg 00 EBSW (g1, 115 f) = 0, () ey converges weakly to pu.

We have (0fpy),cn converges weakly to 0y for any 6 € S%! by the continuous mapping theorem.
From [41], the weak convergence implies the convergence under the Wasserstein distance. So, we have

limy,_y00 Wy (081, 1) = 0. Moreover, using the fact that the Wasserstein distance is also bounded,
hence, the bounded convergence theorem implies:

Jim EBSWE (1o, 415 f) = Bono, , (0:1) (WP (08, 01) |
=Ep~o,.,(0:) [0] = 0.

Again, usingthe continuous mapping theorem with function = — /7, we have limy,_, EBSW,,(1k, pt5 f) —
0. We conclude the proof.

A.4 Proof of Proposition 2

We first show that the following inequality holds

EMax-SWp,(tin, )] < Cv/(d+1)logn/n
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where C' > 0 is some universal constant and the outer expectation is taken with respect to the
random Variables X1,...,X,. We now follow the proof technique from Proposition 3 in [27]. Let
F_g and Fy ! be the inverse cumulative distributions of two push-forward measures 6u,, and 0.
Usmg the closed form expression of the Wasserstein distance in one dimension, we obtain to the
following equations and inequalities:

Max-SWP (4, 1) —921S%X1/ |Fn9 ( V[Pdu
- Pd
¥ 1/ (o) =
<diam(X) max |[F,g(x) — Fy(x).
OeR:]|0]<1

where X € R? is the compact set of the probability measure . We can check that

max | Fg(x) = Fy()| = sup [pn(A) — p(A)],
feRe:[6]|<1 AeB

where B is the set of half-spaces {z € R?: 0"z < z} for all § € R? such that ||0]| < 1. We know

that the Vapnik-Chervonenkis (VC) dimension of B is at most d 4+ 1 [42]. Therefore, using the VC

inequality, we obtain:

sup [1n(B) — u(B)| < J 2 [(@+ 1)log(n + 1) + log(8/9)],
BeB n

with probability at least 1 — d. Therefore, we obtain that

E[Max-SWp,(pn, )] < Cy/(d+1)logn/n,

where C' > 0 is some universal constant. Moreover, we have E[EBSW,(pn,, 115 f)] < E [Max-SW,,(fin, 1t)]
from Proposition 1. Therefore, As a consequence, we obtain:

E[EBSW,(ttn, p1; f)] < C+/(d+1)logn/n,

which completes the proof.

B Additional Materials

B.1 Additional Background

Sliced Wasserstein. When two probability measures are empirical probability measures on n
supports: pu = % Yo 0g, and v = % Yoy 0y, the SW distance can be computed by sorting projected
supports. In particular, we have 8 = 13" 67, , Oy = 130, o7y, and WE(08u, 0fv) =
% 2?21(9%@ - HTy(i))p where GT:L‘(i) is the ordered projected supports. We provide the pseudo-
code for computing the SW in Algorithm 1.

Max sliced Wasserstein. The Max-SW is often computed by the projected gradient ascent. The
sub-gradient is used when the one-dimensional optimal matching is not unique e.g., in discrete cases.
We provide the projected (sub)-gradient ascent algorithm for computing the Max-SW in Algorithm 2.
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Algorithm 1 Computational algorithm of the SW distance

Input: Probability measures p and v, p > 1, and the number of projections L.
for {=1to L do
Sample 6; ~ U(S41)
Compute v; = W, (6;fi, 6,4v)
end for
Compute S/'ﬁfp(u, v;L) = (% Zle 1)1)

Return: ﬁ/p(,u, v; L)

3=

Algorithm 2 Computational algorithm of the Max-SW distance

Input: Probability measures g and v, p > 1, the number of iterations T', and the step size 7.
Sample 0y ~ U(S 1)
for t =1to T do ) X
Compute 0y = 0,1 +nVy  Wp(br—18p, 6,-1fv)
04

Compute ét = —
[10¢]]2

end for R R
Compute Max-SW,(u, v;T') = W, (07, Oriv)
Return: Max-SW,(u,v;T)

Compared to the SW, the Max-SW needs two hyperparameters which are the number of iterations
T and the step size 1. Moreover, the empirical estimation of the Max-SW might not converge to the
Max-SW when T' — oo.

Distributional sliced Wasserstein. To solve the optimization of the DSW, we need to use the
stochastic (sub)-gradient ascent algorithm. In particular, we first need to estimate the gradient

Vy <E9~%(9)WZ(9M, 911’/)) ¥

1-p

1
Lo
Vy <E6~aw(9)wg(9ﬁﬂ> HﬂV)) "= " (Eeww(e)wi(@ﬁuﬁﬁw) " VyEgeo,0)Wp (01, 0.

To estimate the gradient Vy[Eg._, w(@)Wg(ij,u, 08v), we need to use reparameterization trick for o, (6)
e.g., the vMF distribution. After using the reparameterization trick, we can approximate the gradient
VwEQN%(Q)Wg(Hﬁu, Ofr) = % Z§:1 VyWE(O 81, 01, 8v) where 01 4, ...,0L, are i.i.d reparameter-
ized samples from o, (¢). Similarly, we approximiate nggw(g)wg(ﬂjju, Ofv) = % Zlel WP (O, 0yffv)
. We refer to the details in the following papers |7, 30]. We review the algorithm for computing the
DSW in Algorithm 3. Compared to the SW, the DSW needs three hyperparameters i.e., the number
of projections L, the number of iterations T, and the step size 7.

Minimum Distance Estimator and Gradient Estimation. In statistical inference, we are given
the empirical samples X7, ..., X,, from the interested distribution v. Since we do not know the form of
v, we might want to find an alternative representation. In particular, we want to find the best member
e in a family of distribution parameterized by ¢ € ®. To do that, we want to minimize the distance
between pi4 and the empirical distribution v,, = % >oi 1 0x,. This framework is named the minimum
distance estimator [43]: mingeo D(ftg, vn), where D is a discrepancy between two distributions. The
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gradient ascent algorithm is often used to solve the problem. To do so, we need to compute the
gradient V4D(pg, vn). When using sliced Wasserstein distances, the gradient V4D (g, vy) is often
approximated by a stochastic gradient since the SW distances involve an intractable expectation. In
previous SW variants, the expectation does not depend on ¢, hence, we can use directly the Leibniz
rule to exchange the gradient and the expectation, then perform the Monte Carlo approximation. In
particular, we have VyEg..q(9) [WD(081, 08v)] = Ego () [V WhH (081, 01)] ~ % Zlel Vo WE(Oitp, 015v)

for 61,...,0L bid o(0).

B.2 Importance Sampling

Derivation. We first provide the derivation of the importance sampling estimation of EBSW. From
the definition of the EBSW, we have:

EBSW, (1,3 £) = By, 0:5) [Wh (0512, 080)])
_ < Js-s W (B, 01) f (W63, GﬂV))d9> ’

Jsa-r fFOWR (081, 04v))do

D (08,08
S WO 04r) FECE D 0 (6)d

Wg 0,08
fgd—l f( U(O?g) f ))00(9)d9

1
Wh (08 p,08v P
nggo(g) [Wg(eﬁ,u; eﬁV)%(ﬁg)m] ’

F(WH(681,08v))
E9~00(9) |: poo(g) :|

3=

_ E0~oo(€) [Wﬁ(eﬁﬂa eﬁ’/)wu,l/,ao (‘9)] g
Eewo(a) [wu,u,ao (0)]

Algorithms. We provide the algorithm for the IS estimation of the EBSW in Algorithm 4. Compared
to the algorithm of the SW in Algorithm 1, the IS-EBSW can be obtained by only adding one or
two lines of code in practice. Therefore, the computation of the IS-EBSW is as fast as the SW while
being more meaningful.

Gradient Estimators. Let g be parameterized by ¢, we derive now the gradient estimator
VEBSW, (1, v; f) through importance sampling. We have:

1-p
1 E ~C WP(f ,(9 v,0 0 v
VoEBSW,, (g, v f) = = ( : 0(91)3[ B0 ﬁy)wuz 2! ﬂ)

p 0~00(0) [wu¢7V,007f( )]

Eomo0(8) [WE(O8 116, 050 W, 00,7 (6)]
E@NOU 6) [wuqs,V,UO f (0)]

We denote A(¢) = Egro(o) [Wh(08 ke, 081)wyy 00,7 ()], B() = Epoy(0) [Wpyo0.7(0)], we have

o A@) _ B@)VsA) ~ A@)VoB(9)
*B(g) B(¢) '
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Algorithm 3 Computational algorithm of the DSW distance

Input: Probability measures p and v, p > 1, the number of projections L, the number of iterations
T, and the step size 7.
Initialize
fort=1to T do
Vy =0
for {=1to L do
Sample 6 4 ~ Ty s
0y
[16:]2

) via reparameterization.

Compute 0, =

end for
1-p

Compute 1y = 11 + 771% (% S WE (O b, 91,¢ﬁ’/)> S VW0, sl 0t0))
end for

forl=1to L do

Sample 6; ~ o D (0) via reparameterization.
end for

Compute DSW,(u v T, L) = (4 S0, Wh(0htu, 61tv))
Return: D/STN,,(,u, v;T,L)

3=

Algorithm 4 Computational algorithm of the ISSEBSW distance

Input: Probability measures p and v, p > 1, the number of projections L, the energy function f.
for/=1to L do

Sample 6; ~ US4 1)

Compute v; = W, (6;fi, ,4v)

Compute w;, = f(Wp(Oifip, 0,v))
end for

1
Compute IS-EBSW,,(u, v; L, f) = (% Zlel Ulzﬁuil) !
i=1 Wi
Return: IS-EBSW,(u,v; L, f)
Using Monte Carlo samples 01, ...,05 ~ 0o(0) after using the Lebnitz rule to exchange the differen-

tiation and the expectation, we obtain:

1—p 1-p

(Eewo(e) (WOt g, 030) Wy 00,5 (0)] ) v N (i Sy [WE(Oib 1, 0181) Wy, 00,1 (61)] ) v
EQNUO(Q) [wlu‘¢7l/70-07f(9):| %ZlL:l [wﬂ¢,u,oo,f(0l)]

1 L
VoA(9) = - > Vo (Wh(Oit1e, 0180) w0001 (9))
=1

L
1
VoB(6) = 7 Voo (6),
=1

which yields the gradient estimation. If we construct the slicing distribution by using a copy of p
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ie., pg with ¢ = ¢ in terms of value, the gradient estimator can be derived by:

1-p

Eq- WP (O, O8V) Wy, 100,17 (0) !
1 O~ao (0 @ 1,0,00,f
VoEBSW, (g, v; f) = , 0 [ . e }

EONG@(G) |:w,u¢/ 1,00, f (0):|
V¢E9NUO(9) [Wg(eﬁ,u% Hﬁy)wu¢/,u,ao,f(9):|

E9~Go(9) [w#¢/ 5,00, (‘9)}

Using Monte Carlo samples 61, ...,601 ~ 0o(0) after using the Lebnitz rule to exchange the differen-
tiation and the expectation, we obtain:

1-p 1-p
Eoron(0) |Wh O3k, 090000, f O]\ 7 (1 5 [ WOttt 0080)0, 0. (60)|
Eoro0(0) | Wiy i () £ Wi an0,s 00
1 L
V4 Egoo(0) [Wﬁ(QﬁM¢7Qﬁv)w%,,u,ao,f(Q)} ~ T Z (VWP (Oitpg, 01fv)) Wy 1 00,7 (0),
=1

L
1
EONJO(O) |:w,u¢/,u,ao,f(9>:| ~ 57 Zwud)/,u,ao,f(e)'
=1

It is worth noting that using a copy of u4 does not change the value of the distance. This trick will
show its true benefit when dealing with the SIR, and the MCMC methods. However, we still discuss
it in the IS case for completeness. We refer to the "copy" trick is the "parameter-copy" gradient
estimator while the original one is the conventional estimator.

Importance Weighted sliced Wasserstein distance. Although the IS estimation of the EBSW
is not an unbiased estimation for finite L, it is an unbiased estimation of a valid distance on the space

of probability measures. We refer to the distance as the importance weighted sliced Wasserstein
distance (IWSW) which has the following definition.

Definition 3. For any p > 1, dimension d > 1, energy function f, a continuous proposal distribution
o0(0) ~ P(ST1) and two probability measures p € Pp(R?) and v € RY, the importance weighted
sliced Wasserstein (IWSW) distance is defined as follows:

£ X [Wo Oyt Ot Y0y, (00)] ] ) | (7)

IWSW,(u,v; f) = | E
w15 f) < LS (W, (01)]

- »
where the expectation is with respect to 61,...,0 i 00(0), and wyu.q0.5(0) = %W.

The IWSW is semi-metric, it also does not suffer from the curse of dimensionality, and it induces
weak convergence. The proofs can be derived by following directly the proofs of the EBSW in
Appendix A.1, Apendix A.3, and Appendix A.4. Therefore, using the IS estimation of the EBSW is
as safe as the SW.

26



Algorithm 5 Computational algorithm of the SIR-EBSW distance

Input: Probability measures p and v, p > 1, the number of projections L, the energy function f.
for/=1to L do
Sample 6; ~ U(S41)
Compute w; = f(Wp(Oifip, 0,fv))
end for
for/=1to L do
Compute w; =

f(Wyp (0iti1,0,8v))
Sy FWp(0itp,0itv))

end for
for {=1to L do
Sample 6; ~ Cat(wy,...,wr)
Compute v; = W, (6;fi, ,4v)
end for
Compute Sﬁ—s\wp(u, v;L, f) = (% Zlel vl>

Return: Smp(u, v L, f)

3=

Algorithm 6 Computational algorithm of the SW distance and the IMH-EBSW distance

Input: Probability measures p and v, p > 1, the number of projections L, the energy function f.

Sample 6; ~ U(S?1)

Compute vi = Wy, (01, 011v)

for ] =2to L do
Sample 0 ~ U(S41)
Compute @ = min (1

Sample u ~ U([0, 1])
if o > u then

F(WE(08u,018v))) )
’ f(Wg(9l—1ﬁM791—1ﬁV)))

Set 6, = 0]
else if a < u then
Set 0, = 0,4
end if
v = Wp(0ifip, O1fv)
end for

hSA

Compute IMH/—EESWP(M, v;L, f) = (% Zle vl)
Return: IM@SWP<M,V;L)

B.3 Sampling Importance Resampling and Markov Chain Monte Carlo

Algorithms. We first provide the algorithm for computing the EBSW via the SIR, the IMH, and
the RMH in Algorithm 5-7.

Gradient estimators. We derive the reinforce gradient estimator of the EBSW for the SIR, the

27



Algorithm 7 Computational algorithm of the SW distance and the RMH-EBSW distance

Input: Probability measures p and v, p > 1, the number of projections L, the energy function f,
the concentration parameter .
Sample 0; ~ U(S41)
Compute v; = W, (018, 011v)
for ] =2to L do

Sample ] ~ vMF (6,1, k)

SWE(O781.078))) )

» F(Wp(01— 11,01 -18v)))

Compute @ = min (1
Sample u ~ U([0, 1])
if a > u then

Set 6, = 0]
else if a < u then
Set 91 = 01_1
end if
vy = Wy (Oifi, Orfv)
end for

B =

Compute RM@SWP(,U,, v;L, f) = (% Zlel vl)
Return: RMI-EBSW, (1, v; L)

IMH, and the RHM sampling.

1-p

VOEBSW, (19, v: ) = — (Bgmo, (055 [Wh(B810,09)] ) * VsEgus,,,(o:r) [Wh(Bts,020)]

"=

We have:
VEoro,, .0:5) [WP(0pg, 081)] = Eono,, 0 (0) [WP(0gt41, 1)V g log (WP(08 41, 081) 0y, (05 f))]
and

Vo log (W (0811, 01)011,,0(0: f)) = Vo log(Wi0ing, 081)) + Vi log(f (W} (0ting, 04v)))

— Vg log </Sd—1 f(Wg(@ij), Gﬁy))d0>
1
= WWWE(WMM
1

FOWE e, 05)
= Vatog ([ FO30ana, 02009

+

Vo f(Wp(0fpg, 080))
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and

/2
Vg log (/Sdl f(Wg(iju¢, 9ﬁy))d0> = Vylog (ngu(gd—l) [f(Wg(eﬁl%, 0ﬁy))fid/2)]>

= V5 10g (Eggyser) [F(WE (0805, 080))] )

1
- VE d—1 W2(6 ,0 .
By o) VI Gagig, 03] * 2o L (W (B, 020)

Using L Monte Carlo samples from the SIR (or the IMH or the RMH) to approximate the expectation
nggﬂqs,y(g;f), and L samples from 2/(S?1) to approximate the expectation Egy4(sa-1), we obtain the
gradient estimator of the EBSW. However, the reinforce gradient estimator is unstable in practice,
especially with the energy function f.(z) = e®. Therefore, we propose a more simple gradient
estimator which is

1

1 P
VsEBSWp (g, v; f) & , (E0~0H¢,,u(0;f) [Wﬁ(ﬁﬁwﬁﬁw]) 2 Eor0(6:5) (VWD (08, 081)] -

The key is to use a copy of the parameter ¢’ for constructing the slicing distribution o, ¢,7y(0; f),
hence, we can exchange directly the differentiation and the expectation. It is worth noting that
using the copy also affects the gradient estimation, it does not change the value of the distance. We
refer to the "copy" trick is the "parameter-copy" gradient estimator while the original one is the
conventional estimator.

Population distance. The approximated values of p-power EBSW from using the SIR, the IMH,
and the RMH can be all written as %Zle WP(08u, 0:18v). Here, the distributions of 01,...,0y, are
different. Therefore, they are not an unbiased estimation of the EBSWg(M, v; f). However, the
population distance of the estimation can be defined as in Definition 4.

Definition 4. For any p > 1, dimension d > 1, energy function f, and two probability measures
w € Pp(RY) and v € RY, the projected sliced Wasserstein (PSW) distance is defined as follows:

1 & z
Z 0;ﬁu,9ﬁu]> , (8)

PSWy(p,v; f) = (

where the expectation is with respect to (61,...,0r) ~ o(01,...,05) which is a distribution defined by
the SIR (the IMH or the RHM).

The PSW is a valid metric since it satisfies the triangle inequality in addition to the symmetry, the
non-negativity, and the identity. In particular, given three probability measures 1, u2, s € Pp(]Rd)
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we have:

D=

M=

PSWy, (1, p3)

1
E (01:.)~c(01.1) Z W;? (elﬁﬂla elﬁNS)] )

T

—
Il

—

1
P

M=

)
I

(Wy (Onper, Orip2) + Wy (01812, 91ﬁ#3))p] >

==
M=

< E (01.2)~0(01.1)

1
< (E 01:1)~0(01.1) I

Wy (O, 9111#2)] >

t=1

i 1
T P
1
+ <E(91;L)~a(eu> [L > WP (01, Gzﬁﬂs)D
=1

= PSWP(:Mlﬂ MQ) + PSWP(/JQ? :U‘3)7

where the first inequality is due to the triangle inequality of Wasserstein distance and the second
inequality is due to the Minkowski inequality. The PSW also does not suffer from the curse of
dimensionality, and it induces weak convergence. The proofs can be derived by following directly
the proofs of the EBSW in Appendix A.1, Apendix A.3, and Appendix A.4. Therefore, using the
SIR, the IMH, and the RMH estimation of the EBSWs are as safe as the SW.

C Additional Experiments

In this section, we provide additional results for point-cloud gradient flows in Appendix C.1, color
transfer in Appendix C.2; and deep point-cloud reconstruction in Appendix C.3.

C.1 Point-Cloud Gradient Flows

We provide the full experimental results including the IS-EBSW, the SIR-EBSW, the IMH-EBSW,
and the RMH-EBSW with both the exponential energy function and the identity energy function in
Table 3. In the table, we also include the results for the number of projections L = 10. In Table 3,
we use the conventional gradient estimator for the ISSEBSW while the "parameter-copy" estimator
is used for other variants of the EBSW. Therefore, we also provide the ablation studies comparing
the gradient estimators in Table 4 by adding the results for the "parameter-copy" estimator for the
IS-EBSW and the conventional estimator for other variants. Experimental settings are the same as
in the main text.

Quantitative Results. From the two tables, we observe that the IS-EBSW is the best variant of
the EBSW in both performance and computational time. Also, we observe that the exponential
energy function is better than the identity energy function in this application. It is worth noting
that the EBSW variants of all computational methods and energy functions are better than the
baselines in terms of Wasserstein-2 distances at the last epoch. For all sliced Wasserstein variants,
we see that reducing the number of projections leads to worsening performance which is consistent
with previous studies in previous works [27, 26, 18|. In Table 3, the ISSEBSW uses the conventional
gradient estimator while the SIR-EBSW, the IMH-EBSW, and the RMH-EBSW use the "parameter-
copy" estimator. Therefore, we report the IS-EBSW with the "parameter-copy" estimator and the
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Figure 4: Gradient flows from the SW, the Max-SW, the v-DSW, the IS-EBSW-e, the SIR-EBSW-e, the IMH-EBSW-e,
and the RMH-EBSW-¢ in turn.

SIR-EBSW, the IMH-EBSW, and the RMH-EBSW with the Reinforce estimator (conventional
estimator) in Table 4. From the table, we observe the "parameter-copy" estimator is worse than
the conventional estimator in the case of IS-EBSW. For the SIR-EBSW, the IMH-EBSW, and
the RMH-EBSW, we cannot use the exponential energy function due to the numerically unstable
Reinforce estimator. In the case of the identity energy function, the exponential energy function is
also worse than the "parameter-copy" estimator. Therefore, we recommend to use the IS-EBSW-e
with the conventional gradient estimator.

Qualitative Results. We provide the visualization of the gradient flows from SW (L=100), Max-
SW (T=100), v-DSW (L=10,T=10), and all the EBSW-e variants in Figure 4. Overall, we see
that EBSW-e variants give smoother flows than other baselines. Despite having slightly different
quantitative scores due to the approximation methods, the visualization from the EBSW-e variants
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Table 3: Summary of Wasserstein-2 scores (multiplied by 104) from three different runs, computational time in
second (s) to reach step 500 of different sliced Wasserstein variants in gradient flows.

Distances Step 0 (W2 |) Step 100 (W2 ]) Step 200 (W3 |) Step 300 (W2 ]) Step 400(W2|) Step 500 (W |)  Time (s ])
SW L=100 204829+ 0.0  986.93 £9.55 350.66 & 5.32 99.69 +1.85 27.03 £ 0.65 9.41+0.27 17.06 = 0.45
Max-SW T=100 2048.29 £ 0.0 506.56 £ 9.28 93.54 £ 3.39 22.2+£0.79 9.62 £0.22 6.83 £0.22 28.38 £ 0.05
v-DSW L*T=100 2048.29 £ 0.0 649.33 £8.77 127.4 £ 5.06 29.44 £1.25 10.95+ 1.0 5.68 £ 0.56 21.24+0.02
IS-EBSW-e L=100 2048.29+0.0 419.09 +2.64 71.02+0.46 18.2+£0.05 6.9 £0.08 3.3 £0.08 17.63 £ 0.02
SIR-EBSW-e L=100 2048.29 £ 0.0 435.02+£1.1 85.26 £0.11 21.96 £0.12 7.9+£0.22 3.79+£0.17 29.8 £0.04
IMH-EBSW-e L=100  2048.29 £ 0.0 460.19 £ 3.46 91.28 £1.19 23.35 £0.52 8.26 + 0.26 3.93+0.14 49.3 £0.54
RMH-EBSW-e L=100 2048.29 £+ 0.0 454.92 £ 3.25 87.92 £ 0.69 22.66 £ 0.46 8.14 +£0.31 3.82+0.24 62.5+0.09
IS-EBSW-1 L=100 2048.29 £ 0.0 692.63 £ 7.21 167.75 + 3.12 41.8+£0.93 12.31 +£0.27 5.35+£0.1 17.91 4+ 0.28
SIR-EBSW-1 L=100 2048.29 £ 0.0 704.08 £2.75 169.88 4+ 0.47 41.85+£0.28 12.58 +0.24 5.64+0.18 30.56 £ 0.05
IMH-EBSW-1 L=100  2048.29 £ 0.0 715.97 £ 4.49 171.424+1.25 42.05 £ 0.42 12.6 £0.1 5.63 £ 0.06 50.01 £0.01
RMH-EBSW-1 L=100 2048.29 £ 0.0 712.11 £ 1.64 173.47+1.49 42.94+0.4 12.68 £ 0.15 5.54 +0.09 64.01 £0.08
SW L=10 2048.29 £0.0  988.57 £ 14.01 351.63 £2.63 101.54 & 2.45 28.19 + 1.04 10.11 £ 0.34 3.84 £0.04
Max-SW T=10 2048.29 £ 0.0 525.72 £ 7.35 134.8+4.6 34.07 £0.34 10.77+0.15 7.36 £0.31 6.55 = 0.06
IS-EBSW-¢ L=10 2048.29 £ 0.0 519.73 £ 8.63 92.14+1.29 23.94+0.07 9.03 £0.33 4.59 £ 0.22 5.57 +0.03
SIR-EBSW-e L=10 2048.29 £ 0.0 508.86 +8.49 104.47 +1.93 28.27 £ 0.68 10.56 £ 0.08 5.61 +0.16 6.84 + 0.06
IMH-EBSW-e L=10 2048.29 +0.0  621.51 £22.49 131.75 £ 7.09 34.42 £1.89 11.55 £ 0.38 5.56 & 0.09 8.41 £ 0.04
RMH-EBSW-e L=10 2048.29 £ 0.0 642.87 £5.25 135.91 +8.39 36.11 £2.13 12.57+0.75 5.94 £0.31 9.69 £0.04
IS-EBSW-1 L=10 2048.29 £ 0.0 713.65 £ 5.68 177.16 £ 1.19 45.07£0.17 13.6 +£0.26 6.16 + 0.22 5.69£0.0
SIR-EBSW-1 L=10 2048.29 £ 0.0 731.4+£9.37 181.28 & 5.05 44.99 £1.07 13.59 £ 0.51 6.68 £ 0.27 6.9+0.03
IMH-EBSW-1 L=10 2048.29 £ 0.0 772.86 + 28.09 199.29 £ 7.02 48.73 £1.69 14.1 +£0.49 6.25+0.35 8.61 +0.02
RMH-EBSW-1 L=10 2048.29 £ 0.0 810.1 £10.2 212.11+£9.53 54.62 £ 2.63 15.444+0.93 6.74 £0.32 9.86 £ 0.06

Table 4: Summary of Wasserstein-2 scores (multiplied by 10*) from three different runs, computational time in
second (s) to reach step 500 of different sliced Wasserstein variants in gradient flows.

Distances Step 0 (W2 ]) Step 100 (W2 |) Step 200 (W2 ]) Step 300 (W2 |) Step 400(W2 |) Step 500 (W2 ])  Time (s |)

IS-EBSW-e L=100 (¢) 2048.29 £+ 0.0 435.39 £1.82 85.31 £0.44 21.9+0.09 7.81 + 0.06 3.68 +0.07 17.51 £0.01
IS-EBSW-1 L=100 (c) 2048.29 + 0.0 71133+ 7.2 170.69 + 2.91 42.2+£0.79 12.62 £ 0.2 5.7+£0.11 17.72 +£0.02
SIR-EBSW-1 L=100 2048.29 £ 0.0 685.87 £ 8.35 166.39 & 2.65 41.52 £ 0.56 12.29 £ 0.32 5.56 £0.1 44.51 £0.16
IMH-EBSW-1 L=100 2048.29 £ 0.0 700.47 £9.13 173.25 £ 1.26 44.08 £0.52 13.03 £ 0.18 5.93+£0.2 63.83 £0.02
RMH-EBSW-1 L=100 2048.29 + 0.0 711.0 £10.98 175.76 + 1.45 44.5 £ 0.56 13.39 £ 0.13 6.06 = 0.05 77.32+£0.2
IS-EBSW-e L=10 (c) 2048.29 £ 0.0 524.69 £7.38 107.37 £ 2.18 28.46 £0.35 10.13 £ 0.38 4.93 £0.37 5.54 +£0.04
IS-EBSW-1 L=10 (c) 2048.29 £ 0.0 729.53 £ 6.74 179.35 £ 1.7 45.03 £0.79 13.32 £0.82 6.15 + 0.46 5.7+0.03

SIR-EBSW-1 L=10 2048.29 £ 0.0 762.23 £ 9.66 202.2 £5.23 56.48 £ 1.55 19.05 £+ 0.83 10.42 £+ 0.53 8.45+0.02
IMH-EBSW-1 L=10 2048.29 £0.0  762.67 £ 14.63 200.3 £6.48 54.28 £1.17 18.11 £+ 0.36 9.29 + 0.26 10.02 £ 0.02
RMH-EBSW-1 L=10 2048.29 £0.0  817.92 £ 23.86 220.66 £ 2.55 60.15 £ 1.53 20.0£0.7 9.8 £0.36 11.35 4 0.03

is consistent. Therefore, the energy-based slicing function helps to improve the convergence of the
source point-cloud to the target point-cloud.

C.2 Color Transfer

Similar to the point-cloud gradient flow, we follow the same experimental settings of color transfer
in the main text. We provide the full experimental results including the IS-EBSW, the SIR-EBSW,
the IMH-EBSW, and the RMH-EBSW with both the exponential energy function and the identity
energy function, with both L = 10 and L = 100, and with both gradient estimators in Figure 5.

Results. From the figure, we observe that IMH-EBSW-e gives the best Wasserstein-2 distance
among all EBSW variants. Between the exponential energy function and the identity energy function,
we see that the exponential energy function yields a better result for all EBSW variants. Similar
to the gradient flow, reducing the number of projections to 10 also leads to worse results for all
sliced Wasserstein variants For the gradient estimators, the conventional estimator is preferred for
the IS-EBSW while the "parameter-copy" estimator is preferred for other EBSW variants.
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SIR-EBSW-e 328.69(s), W, =277.2  IMH-EBSW-e 287.53(s), W, =256.77 RMH-EBSW-e 328.69(s), W, =277.2 IS-EBSW-1 86.09(s), W, = 374.84 IS-EBSW-e (c) 86.3(s), W, =
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Figure 5: The first two rows are with L = 100, (c) denotes the "parameter-copy" (the SIR-EBSW-e, the IMH-EBSW-e,
the RMH-EBSW always use the "parameter-copy" estimator since the conventional estimator is not stable for them),
and the last row is with L = 10.

Table 5: Reconstruction errors of different autoencoders measured by the (sliced) Wasserstein distance (x100). The
results are from three different runs.

Distance ‘ Epoch 20 ‘ Epoch 100 ‘ Epoch 200 ‘
| SWa(l) Wo(l) | SWa(d) Wo(l) | SWa () Wa(l) |
SW L=100 297+£0.14 12.67+£0.18 | 2.294+0.04 10.63+0.05 | 2.15£0.04 9.97£0.08
Max-SW T=100 2.914+0.06 12.33+0.05 | 2.24+0.05 10.40+£0.06 | 2.14+0.10 9.84 +0.12
v-DSW L*T=100 2.84+0.02 12.64+0.02 | 2.214+0.01 10.524+0.04 | 2.07£0.09 9.81 £0.05

IS-EBSW-e L=100 2.68 £0.03 11.90+0.04 | 2.18+0.04 10.27+0.01 | 2.04+0.09 9.69+0.14
SIR-EBSW-e L=100 2.77+£0.01 1216£0.04 | 2.244+0.04 10404+0.01 | 2.00£0.03 9.72£0.04
IMH-EBSW-e L=100 2.75+0.03 12.15£0.04 | 2.194+0.08 10.39+0.09 | 1.99+£0.05 9.72+0.10
RMH-EBSW-e L=100 | 2.83+£0.02 12.214+0.03 | 2.20+0.03 10.38+0.07 | 2.024+0.02 9.72+0.03
IS-EBSW-1 L=100 2.83+£0.01 12.37+£0.01 | 2274+0.06 10.594+0.07 | 2.11£0.04 9.90 £0.02
SIR-EBSW-1 L=100 2.81+£0.02 12.32+£0.03 | 2.264+0.08 10.56+0.14 | 2.07£0.01 9.81 £0.08
IMH-EBSW-1 L=100 | 2.82+0.01 12.324+0.02 | 2.28+0.11 10.55+0.13 | 2.03+0.02  9.81£0.02
RMH-EBSW-1 L=100 | 2.88+£0.04 124240.06 | 2.22+0.07 10.37+0.06 | 2.01+£0.02 9.73+£0.02

SW L=10 2.99+0.12 12.70£0.16 | 2.304+£0.01 10.64+0.04 | 2.17£0.06 10.01 4+ 0.09
Max-SW T=10 3.00£0.07 12.68£0.05 | 2.314+0.08 10.67+0.06 | 2.14£0.04 9.95£0.05
IS-EBSW-e L=10 276 +£0.04 1215+0.06 | 2.20+0.08 10.39+0.10 | 2.04 £0.07 9.77+0.10

SIR-EBSW-e L=10 2.79+0.03 1226 £0.05 | 2.264+0.08 10.53+0.09 | 2.08 £0.11 9.87£0.16
IMH-EBSW-e L=10 2.82+£0.02 1233£0.02 | 2264+0.12 10.53+£0.20 | 2.07£0.02 9.86 £0.03
RMH-EBSW-e L=10 2.86+0.04 12.37+£0.03 | 2.214+0.01 10454+0.05 | 2.024+0.02 9.78 £0.01
IS-EBSW-1 L=10 2.84+£0.01 1243+£0.01 | 2.2840.10 10.63+0.11 | 2.10£0.05 9.91£0.05
SIR-EBSW-1 L=10 2.84+£0.01 12.38+£0.01 | 2.2840.07 10.594+0.10 | 2.07£0.07 9.88+£0.12
IMH-EBSW-1 L=10 2.82+0.01 1236 £0.03 | 2.2840.08 10.524+0.05 | 2.08 £0.06 9.86 £ 0.09
RMH-EBSW-1 L=10 2.89+0.04 12.47+0.03 | 2.21+0.03 10.45£0.08 | 2.03£0.03 9.80£0.02

C.3 Deep Point-cloud Reconstruction

We follow the same experimental settings as in the main text. We provide the full experimental
results including the IS-EBSW, the SIR-EBSW, the IMH-EBSW, and the RMH-EBSW with both
the exponential energy function and the identity energy function, with both L = 10 and L = 100 in
Table 5. In Table 5, we use the conventional gradient estimator for the ISSEBSW while other variants
of EBSW use the "parameter-copy" gradient estimator. We also compare gradient estimators for
the EBSW by adding the results for the "parameter-copy" gradient estimator for the IS-EBSW
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Table 6: Reconstruction errors of different autoencoders measured by the (sliced) Wasserstein distance (x100). We
use (c) for the "parameter-copy" gradient estimator. The results are from three different runs.

‘ Epoch 20 ‘ Epoch 100 ‘ Epoch 200 ‘

| SWh(l) Wall) | SWy () Wa(l) | SWa () Wa(l) |

IS-EBSW-e L=100 (c) | 2.74+0.04 12.144+0.12 | 2.22+0.07 10.424+0.05 | 2.07+£0.01  9.77 £ 0.07
IS-EBSW-1 L=100 (c) | 2.83+0.01 12.34+0.03 | 2.30+£0.05 10.60+0.09 | 2.05 +0.07 9.83 +£0.11
SIR-EBSW-1 L=100 2.80£0.02 12.29£0.01 | 2.21+0.05 10.46+0.08 | 2.04 £0.02 9.81 £0.07
IMH-EBSW-1 L=100 | 2.96+0.05 12.67£0.08 | 2.35+0.05 10.82+0.07 | 2.20+£0.11 10.204+0.16
RMH-EBSW-1 L=100 | 3.00+£0.06 12.67 £0.10 | 2.27£0.02 10.66+0.06 | 2.15+0.05 10.11+0.11

IS-EBSW-e L=10 (c) 2.77+£0.01 12.224+0.04 | 228 £0.09 10.63£0.11 | 2.07£0.07 9.80=£0.15
IS-EBSW-1 L=10 (¢) | 2.86+0.02 12.424+0.02 | 2.24 +£0.08 10.524+0.13 | 2.05+0.04 9.84 +0.10
SIR-EBSW-1 L=10 2.87+£0.02 1243+0.08 | 2.36+0.11 10.67£0.19 | 2.08 £0.10 9.88+0.14
IMH-EBSW-1 L=10 298 £0.02 12.65+0.04 | 2.35+0.05 10.84+£0.06 | 2.21 £0.11 10.224+0.11
RMH-EBSW-1 L=10 | 3.01+0.04 12.82+£0.05 | 2.37£0.03 10.87+0.03 | 2.11+£0.02 10.13 +0.06

Distance

(denoted as (c)), and the conventional gradient estimator for the SIR-EBSW, the IMH-EBSW, and
the RMH-EBSW in Table 6.

Quantitative Results. From the two tables, we observe that the IS-EBSW-e performs the best
for both settings of the number of projections L = 10 and L = 100 in terms of the Wasserstein-2
reconstruction errors. For the SW reconstruction error, it is only slightly worse than the SIR-EBSW-e
at epoch 200. Comparing the exponential energy function and the identity energy function, we
observe that the exponential function is better in both settings of the number of projections. For
the same number of projections, the EBSW variants with both types of energy function give lower
errors than the baseline including the SW, the Max-SW, and the v-DSW. For all sliced Wasserstein
variants, a higher value of the number of projections gives better results. For the gradient estimator
of the EBSW, we see that the conventional gradient estimator is preferred for the IS-EBSW while
the "parameter-copy" estimator is preferred for other EBSW variants.

Qualitative Results. We show some ground-truth point-clouds ModelNet40 and their corresponding
reconstructed point-clouds from different models (L = 100) at epochs 200 and 20 in Figure 6- 7
respectively. From the top to the bottom is the ground truth, the SW, the Max-SW, the v-DSW,
the IS-EBSW-e, the SIR-EBSW-e, the IMH-EBSW-¢, and the RMH-EBSW-e.

D Computational Infrastructure

For the point-cloud gradient flows and the color transfer, we use a Macbook Pro M1 for conducting
experiments. For deep point-cloud reconstruction, experiments are run on a single NVIDIA V100
GPU.
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Figure 6: From the top to the bottom is the ground truth, the reconstructed point-clouds at epoch 200 of the SW,
the Max-SW, the v-DSW, the IS-EBSW-¢, the SIR-EBSW-e, the IMH-EBSW-e, and the RMH-EBSW-e respectively.

35



Y Y B A

/I 1/

Figure 7: From the top to the bottom is the ground truth, the reconstructed point-clouds at epoch 20 of the SW,
the Max-SW, the v-DSW, the IS-EBSW-¢, the SIR-EBSW-e, the IMH-EBSW-e, and the RMH-EBSW-e respectively.
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