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Abstract

Sliced Wasserstein (SW) distance suffers from redundant projections due to inde-
pendent uniform random projecting directions. To partially overcome the issue,
max K sliced Wasserstein (Max-K-SW) distance (K > 1), seeks the best dis-
criminative orthogonal projecting directions. Despite being able to reduce the
number of projections, the metricity of the Max-K-SW cannot be guaranteed in
practice due to the non-optimality of the optimization. Moreover, the orthogonality
constraint is also computationally expensive and might not be effective. To address
the problem, we introduce a new family of SW distances, named Markovian sliced
Wasserstein (MSW) distance, which imposes a first-order Markov structure on
projecting directions. We discuss various members of the MSW by specifying the
Markov structure including the prior distribution, the transition distribution, and
the burning and thinning technique. Moreover, we investigate the theoretical prop-
erties of MSW including topological properties (metricity, weak convergence, and
connection to other distances), statistical properties (sample complexity, and Monte
Carlo estimation error), and computational properties (computational complexity
and memory complexity). Finally, we compare MSW distances with previous SW
variants in various applications such as gradient flows, color transfer, and deep
generative modeling to demonstrate the favorable performance of the MSW[H

1 Introduction

Sliced Wasserstein (SW) [7]] distance has been well-known as a great alternative statistical distance
for Wasserstein distance [57,149]. In short, SW takes the average of Wasserstein distances between
corresponding pairs of one-dimensional projected measures as the distance between the two original
measures. Hence, the SW has a low computational complexity compared to the conventional
Wasserstein distance due to the closed-form solution of optimal transport in one dimension. When
the probability measures have at most n supports, the computational complexity of the SW is only
O(nlogn). This complexity is much lower than the computational complexity O(n3logn) of
Wasserstein distance and the complexity (’)(nQ) [L,134,135133]] of entropic Wasserstein [11] (Sinkhorn
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divergence). Moreover, the memory complexity of the SW is O(n) which is lower than O(n?) of
the Wasserstein (Sinkhorn) distance. The reason is that SW does not need to store the cost matrix
between supports which cost O(n?). An additional appealing property of the SW is that it does
not suffer from the curse of dimensionality, namely, its sample complexity is O(n~1/2) [40, 46]
compared to (’)(n‘l/ d) [19] of the Wasserstein distance (d is the number of dimensions).

Due to the scalability, the SW has been applied to almost all applications where the Wasserstein
distance is used. For example, we refer to some applications of the SW which are generative model-
ing [[60L 1527, 142]], domain adaptation [30], clustering [28]], approximate Bayesian computation [39],
gradient flows [37, 5], and variational inference [61]. Moreover, there are many attempts to improve
the SW. The generalized sliced Wasserstein (GSW) distance that uses non-linear projection is pro-
posed in [26]. Distributional sliced Wasserstein distance is proposed in [44} 45] by replacing the
uniform distribution on the projecting directions in SW with an estimated distribution that puts high
probabilities for discriminative directions. Spherical sliced Wasserstein which is defined between
distributions that have their supports on the hyper-sphere is introduced in [4]. A sliced Wasserstein
variant between probability measures over images with convolution is defined in [43]].

Despite having a lot of improvements, one common property in previous variants of the SW is that they
use independent projecting directions that are sampled from a distribution over a space of projecting
direction e.g., the unit-hypersphere. Those projecting directions are further utilized to project two
interested measures to corresponding pairs of one-dimensional measures. Due to the independence,
practitioners have reported that many projections do not have the power to discriminative between
two input probability measures [26 [15]. Moreover, having a lot of projections leads to redundancy
and losing computation for uninformative pairs of projected measures. This problem is known as the
projection complexity limitation of the SW.

To partially address the issue, the max sliced Wasserstein (Max-SW) distance is introduced in [[14].
Max-SW seeks the best projecting direction that can maximize the projected Wasserstein distance.
Since the Max-SW contains a constraint optimization problem, the projected subgradient ascent
algorithm is performed. Since the algorithm only guarantees to obtain local maximum [46], the
performance of empirical estimation Max-SW is not stable in practice [42] since the metricity of
Max-SW can be only obtained at the global optimum. Another approach is to force the orthogo-
nality between projecting directions. In particular, K-sliced Wasserstein [50] (K-SW) uses K > 1
orthogonal projecting directions. Moreover, to generalize the Max-SW and the K-SW, max-K sliced
Wasserstein (Max-K-SW) distance (/K > 1) appears in [[12] to find the best K projecting directions
that are orthogonal to each other via the projected sub-gradient ascent algorithm. Nevertheless, the
orthogonality constraint is computationally expensive and might not be good in terms of reflecting
discrepancy between general measures. Moreover, Max-K-SW also suffers from the non-optimality
problem which leads to losing the metricity property in practice.

To avoid the independency and to satisfy the requirement of creating informative projecting directions
efficiently, we propose to impose a sequential structure on projecting directions. Namely, we choose
a new projecting direction based on the previously chosen directions. For having more efficiency in
computation, we consider first-order Markovian structure in the paper which means that a projecting
direction can be sampled by using only the previous direction. For the first projecting direction, it
can follow any types of distributions on the unit-hypersphere that were used in the literature e.g.,
uniform distribution [7] and von Mises-Fisher distribution [23| l45]] to guarantee the metricity. For
the transition distribution on the second projecting direction and later, we propose two types of
family which are orthogonal-based transition and input-awared transition. For the orthogonal-based
transition, we choose the projecting direction uniformly on the unit hypersphere such that it is
orthogonal to the previous direction. In contrast to the previous transition which does not use the
information from the two input measures, the input-awared transition uses the sub-gradient with
respect to the previous projecting direction of the corresponding projected Wasserstein distance
between the two measures to design the transition. In particular, the projected sub-gradient update is
used to create the new projecting direction. Moreover, we further improve the computational time
and computational memory by introducing the burning and thinning technique to reduce the number
of random projecting directions.

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

1. We propose a novel family of distances on the space of probability measures, named
Markovian sliced Wasserstein (MSW) distances. MSW considers a first-order Markovian
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structure on random projecting directions. Moreover, we derive three variants of MSW
that use two different types of conditional transition distributions: orthogonal-based and
input-awared. We investigate the theoretical properties of MSW including topological
properties (metricity, weak convergence, and connection to other distances), statistical
properties (sample complexity, and Monte Carlo estimation error), and computational
properties (computational complexity and memory complexity). Moreover, we introduce a
burning and thinning approach to further reduce computational and memory complexity,
and we discuss the properties of the resulting distances.

2. We conduct experiments to compare MSW with SW, Max-SW, K-SW, and Max-K-SW in
various applications, namely, gradient flows, color transfer, and deep generative models on
standard image datasets: CIFAR10 and CelebA. We show that the input-awared MSW can
yield better qualitative and quantitative performance while consuming less computation than
previous distances in gradient flows and color transfer, and comparable computation in deep
generative modeling. Finally, we investigate the role of hyper-parameters of distances e.g.,
the number of projections, the number of time-steps, and so on, in applications.

Organization. We first provide background for Wasserstein distance, sliced Wasserstein distance,
and max sliced Wasserstein distance in Section In Section [3] we propose Markovian sliced
Wasserstein distances and derive their theoretical properties. Section[]contains the comparison of
MSW to previous SW variants in gradient flows, color transfer, and deep generative modeling. We
then conclude the paper in Section 5] Finally, we defer the proofs of key results in the paper and
supplementary materials to Appendices.

Notation. For p > 1, Pp(Rd) is the set of all probability measures on R? that have finite p-
moments. For any d > 2, we denote U/ (S%1) is the uniform measure over the unit hyper-sphere
S?1:= {6 € R? | ||0||3 = 1}. For any two sequences a,, and b,,, the notation a,, = O(b,,) means
that a,, < Cb,, for all n > 1, where C is some universal constant. We denote 04 is the push-forward
measures of £ through the function f : R? — R thatis f(z) = 6" x.

2 Background

We start with reviewing the background on Wasserstein distance, sliced Wasserstein distances, their
computation techniques, and their limitations.

Wasserstein distance. Given two probability measures p € P,(R?) and v € P,(R?), the Wasser-
stein distance [57) 48] between p and v is :

W2(u,v) = inf r —yl||Pdr(z,y), 1
sy = ot [ e ylgin(e) m
where TI(p, v) is set of all couplings that have marginals are 1 and v respectively. The computational
complexity and memory complexity of Wasserstein distance are O(n?®logn) and O(n?) in turn
when p and v have at most n supports. When d = 1, the Wasserstein distance can be computed
with a closed form: WP (1, v) = fol |F;7'(2) — F,;'(2)|Pdz, where F), and F,, are the cumulative
distribution function (CDF) of 1 and v respectively.

Sliced Wasserstein distance. By randomly projecting two interested high-dimensional measures to
corresponding pairs of one-dimensional measures, sliced Wasserstein (SW) distance can exploit the
closed-form benefit of Wasserstein distance in one dimension. The definition of sliced Wasserstein
distance [7] between two probability measures p € P,(R?) and v € P,(R?) is:

SWi(u,v) = Eguy(sa—1)Wp (08w, Ofv). (2)

Monte Carlo samples are often used to approximate the intractable expectation unbiasedly:

L
—p 1
SWy (1 v) = 7 D Wi (thts, O1tw), (3)
=1
where 61, . .., 0 are drawn randomly from /(S?~!). When 1 and v are discrete measures that have

at most n supports in d dimension, the computational complexity of SW is O(Ln log, n + Ldn) and
the memory complexity for storing the projecting directions and the projected supports is O(L(d+n)).
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Here, Ln log, n is for sorting L sets of projected supports and Ld is for projecting supports to L sets
of scalars.

Macx sliced Wasserstein distance. To select the best discriminative projecting direction, the max
sliced Wasserstein (Max-SW) distance [[14] between p1 € P,(R?) and v € P,(R?) is introduced as
follows:

Max-SW,, (i, v) = Jmax, W, (08w, 08v). (€))

Computing Max-SW requires solving the constrained optimization problem. In practice, the projected
sub-gradient ascent algorithm with 7" > 1 iterations is often used to obtain a surrogate projecting

direction 7 for the global optimum. Hence, the empirical Max-SW distance is Max-SW,,(u, v) =

Wp(éTﬁu, éTﬂy). The detail of the projected sub-gradient ascent algorithm is given in Algorithmin
Appendix The computational complexity of Max-SW is O(T'n log, n 4+ T'dn) and the memory
complexity of Max-SW is O(d + n). It is worth noting that the projected sub-gradient ascent can
only yield local maximum [46]. Therefore, the empirical Max-SW might not be distance even when
T — oo since the metricity of Max-SW can be only obtained at the global maximum.

K-sliced Wasserstein distance. The authors in [50] propose to estimate the sliced Wasserstein
distance based on orthogonal projecting directions. We refer to the distance as K-sliced Wasserstein
distance (K-SW). The definition of K-SW between two probability measures 1 € P, (R?) and

v € Pp(RY)is:
1 K
KSWy(uv) =E | 2= > Wi (0itp. Oitv) |, ©)
=1

where the expectation is with respect to (0y,...,0k) ~ U(Vi(RY)) with Vi (R?) =
{(01,...,0k) € ST1|(6;,0;) = 0Vi,j < K} is the Stiefel manifold. The expectation can
be approximated with Monte Carlo samples (61, ...,0x;)E, from U(V(R?)). In the orig-
inal paper, L is set to 1. To sample from the uniform distribution over the Stiefel manifold
U(Vy(R?)), it requires using the Gram-Schmidt orthogonality process which has the computa-
tional complexity O (K 2d) (quadratic in K). Therefore, the total computational complexity of K-SW
is O(LKnlogyn+ LKdn+ LK?d) and the memory complexity of K-SW is O(LK (d +n)). More
detail related to K-SW including Gram-Smith process and sampling uniformly from the Stiefel
manifold is given in Appendix [A.T]

Max K sliced Wasserstein distance. To generalize both Max-SW and K-SW, Max K sliced
Wasserstein is introduced in [12]. Its definition between x € P,(R%) and v € P,(R?) is:

K
1
Max-K-SW? (y1, v) = =S WP, 0:40) | 6
ax o, v) O O K;:l b (0ifp, 0:4v) (6)

Similar to Max-SW, a projected sub-gradient ascent algorithm with 7" > 1 iterations is used to
approximate Max-K-SW. We refer the reader to Algorithm [ in Appendix [A.T] for greater detail.
Since the projecting operator to the Stiefel manifold is the Gram-Smith process, the computational
complexity of Max-K-SW is O(T' Knlogy, n + T Kdn + TK?2d). The memory complexity of Max-
K-SW is O(K(d 4+ n)). Similar to Max-SW, the metricity of Max-K-SW is only obtained at the
global optimum, hence, the empirical estimation might not be stable. Moreover, the orthogonality
constraint is also computationally expensive i.e., quadratic in terms of the number of orthogonal
projections K.

3 Markovian Sliced Wasserstein distances

We first define Markovian sliced Wasserstein (MSW) distance and discuss its theoretical properties
including topological properties, statistical properties, and computational properties in Section[3.1} In
Section we discuss some choices in designing the Markov chain including the prior distribution
and the transition distribution. Finally, we discuss the burning and thinning variant of MSW which
can reduce the computational and memory complexity in Section
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3.1 Definitions, Topological, Statistical, and Computational Properties

We first start with a general definition of Markovian sliced Wasserstein distance in Definition [I]

Definition 1. Forany p > 1, T > 1, and dimension d > 1, the Markovian sliced Wasserstein of
order p between two probability measures ji € P,(RY) and v € P,(R?) is:

T
1
MSW, (14, v) = E(0,.7)~o (61.1) T > WP (Oufip, 0:8v) | (7
t=1

where T is the number of time steps, the expectation is under the projecting distribution 1.7 ~
0'(01:']‘) with 0'(01:']‘) = 0'(01, e >9T) = 0'1(91) HZT=2 Ut(9t|0t—l)) and 0'1(01), Ut(9t|9t—l) S
PS4 forallt =1,...,T.

The first projecting direction 6; follows the distribution o (61) with o1(61) to be any distribu-
tions on the unit hyper-sphere, e.g., the uniform distribution, a von Mises-Fisher distribution,
and so on. By designing the transition distribution o;(6;|0;—1), we can obtain various variants
of MSW. It is worth noting that the MSW can be rewritten as the average of 7" expectation of one-
dimensional Wasserstein distance, MSW?T(M, v) = = ZtT:l Eg,~o,0,) [WE (0:fi, 0:1)], how-
ever, 0;(0;) = f]_[f:1 o1(01) H;:Q o4 (0|0 —1)dOy ... dO,_; are not the same fort = 1,...,T.
Moreover, sampling directly from o (6;) is intractable, hence, using the definition of the MSW in
Definition [I)is more reasonable in terms of approximating the expectation using Monte Carlo samples.

Monte Carlo estimation. Similar to SW, we also need to use Monte Carlo samples to approximate
the expectation in Deﬁnition We first samples 611, ...,051 ~ 01(01) for L > 1, then we samples
01t ~ 0¢(04|014—1) fort =1,...,Tandl = 1,..., L. After that, we can form an unbiased empirical

estimation of MSW as follows: MS\\NZT(Ma V) = 7= ZzL:1 Zthl WE(Orefip, O ).
Before going to the specific design of those distributions, we first discuss the empirical estimation of

MSW, and investigate its theoretical properties including topological properties, statistical properties,
and computational properties.

Topological Properties. We first state the following assumption: Al. In MSW, the prior distribution
01(01) is supported on all the unit-hypersphere or there exists a transition distribution o(0;|0;_1)
being supported on all the unit-hypersphere. The assumption Al is easy to satisfy and it holds for
all later choices of the prior distribution and transition distribution. We now consider the metricity
properties of the Markovian sliced Wasserstein distance.

Theorem 1 (Metricity). Forany p > 1, T > 1, and dimension d > 1, if A1 holds, Markovian sliced
Wasserstein MSW,, 1 (-, -) is a valid metric on the space of probability measures Pp(Rd), namely, it
satisfies the (i) non-negativity, (ii) symmetry, (iii) triangle inequality, and (iv) identity.

The proof of Theorem [I]is in Appendix Next, we show that the convergence in MSW implies
the weak convergence of probability measures and the reverse also holds.

Theorem 2 (Weak Convergence). Forany p > 1, T > 1, and dimension d > 1, if Al holds, the
convergence of probability measures in Py, (R?) under the Markovian sliced Wasserstein distance
MSW,, 1 (-, -) implies weak convergence of probability measures and vice versa.

Theorem [2| means that for any sequence of probability measures (ux)ken and g in Pp(Rd),

limg_y 4 0o MSW,, (1, 1) = 0 if and only if for any continuous and bounded function f : R 5 R,
limg— 4o [ f dpr = [ f dps. The proof of Theorem [2]is in Appendix Next, we discuss the
connection of MSW to previous sliced Wasserstein variants.

Proposition 1. For any p > 1 and dimension d > 1,

(i) Forany T > 1 and p,v € Py(RY), MSW,, 1 (1, v) < Max-SW,(p,v) < Wy (1, ).
(ii) If T = 1 and the prior o1(61) := U(S?1), MSW,, 7(u,v) = SW, (1, v).

The proof of Proposition|I]is in Appendix [B.3]

Statistical Properties. We investigate the sample complexity (empirical estimation rate) of the MSW.

q
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Proposition 2 (Sample Complexity). Let X1, Xo,...,X,, be iid. samples from the proba-
bility measure i being supported on compact set of R%. We denote the empirical measure
Ly = %Z?:l 0x,. Then, for any p > 1 and T > 1, there exists a universal constant C > 0

such that EIMSWy, 1 (pin, )] < C+/(d+ 1)logn/n, where the outer expectation is taken with
respect to the data X1, Xs, ..., X,.

The proof of Proposition [2is in Appendix The proposition suggests that MSW does not suffer
from the curse of dimensionality. Next, we investigate the MSW’s Monte Carlo approximation error.
Proposition 3 (Monte Carlo error). Foranyp > 1, T > 1, dimensiond > 1, and p,v € ’Pp(Rd),

1
2

we have: ]E|A7S\p’T(,u,u) — MSW} (p,v)| < %\EVQT Zthl WP (0:ips, 0u8v) |~ , where the

variance is with respect to o(01, . . ., 0r).

The proof of Proposition [3]is in Appendix From the above proposition, we know that increasing
the number of projections L reduces the approximation error.

Computational Properties. When p and v are two discrete probability measures in Pp(Rd) that
have at most n supports, the computational complexity for the Monte Carlo approximation of MSW is
O(T Lnlogy n+T Ldn) where O(T Ln logn) is for computation of 7'L one-dimensional Wasserstein
distances and O(T Ldn) is the projecting complexity for T'L projections from d dimension to 1
dimension. The memory complexity of MSW is O(T'L(d + n)) for storing the projecting directions
and the projections.

3.2 Specific Choices of Projecting Distributions

Designing the projecting distribution o (61, . .., 1) is the central task in using MSW since it controls
the projecting behavior. For each choice of the o (01, .. ., 07), we obtain a variant of MSW. Since
we impose the first order Markov structure o (01, ...,07) = o1(61) Hf:z 0¢(0¢|6t—1), there are

two types of distributions that we need to choose: the prior distribution o1(01) and the transition
distribution o4(04|0;_1) forallt =2,...,T.

Prior distribution. The most simple choice of o1 (#;) when we know nothing about probability
measures that we want to compare is the uniform distribution over the unit hypersphere 2/(S%1).
Moreover, the metricity of MSW is guaranteed regardless of the transition distribution with this
choice. Therefore, the uniform distribution is the choice that we use in our experiments in the paper.
It is worth noting that we could also use a distribution that is estimated from two interested probability
measures [44]; however, this approach costs more computation.

Transition distribution. We discuss some specific choices of the transition distributions o (6¢|6:—1).
Detailed algorithms for computing MSW with specific transitions are given in Appendix [A.3]

Orthogonal-based transition. Motivated by the orthogonality constraint in Max-K-SW and K-SW, we
can design a transition distribution that gives us an orthogonal projecting direction to the previous one.
In particular, given a previous projecting direction 6;_,, we want to have 6, such that (6;,6,_1) = 0,
namely, we want to sample from the subsphere S(‘f;ll = {0, € S“(0;,0,—1) = 0}. To the
best of our knowledge, there is no explicit form of distribution (known pdf) that is defined on that
set. However, we can still sample from the uniform distribution over that set: ¢/ (Sg;ll) since that
distribution can be constructed by pushing the uniform distribution over the whole unit hypersphere

U(S%1) through the projection operator: Projy,  (0:) = Projga— (9,5 — %9%1) where

Projga—1(0) = ﬁ is the normalizing operator. In a greater detail, we first sample 0, ~ U/(S%~1)
and then set 0; = Proj, _ (6;). Therefore, we have o (60:[0;—1) = USTH = Projy,  fU(S?1).

Input-awared transition. The above two transition distributions do not take into account the informa-
tion of the two probability measures x and v that we want to compare. Hence, it could be inefficient
to explore good projecting directions by comparing p and v. Motivated by the projected sub-gradient
ascent [9] update in finding the “max" projecting direction, we could design the transition distri-
bution as follows: o¢(6¢|0;—1) = d7(9,_,|n.uv) Where & denotes the Dirac Delta function and the
transition function f(6;—1|n, 1, v) = Projga—1 (611 + nVo, Wy (6—184, 0,—14v)) , with > 0is
the stepsize hyperparameter. As the current choice is a deterministic transition, it requires the prior
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distribution to have supports on all S~! to obtain the metricity for MSW. A choice to guarantee
the metricity regardless of the prior distribution is the von Mises-Fisher (vMF) distribution [23],
namely, 0¢(6¢|6:—1) = VMF(0:le = f(6:—1|n, 11, ), k). The details about the vMF distribution
including its probability density function, its sampling procedure, and its properties are given in Ap-
pendix In summary, the vMF distribution has two parameters: the location parameter ¢ € S?~!
which is the mean, and the concentration parameter x € R* which plays the role as the precision.
Thank the interpolation properties of the vMF distribution: lim,_,o vVMF(fle, k) = U(S%~1) and
lim,_, oo VMF(0|¢, k) = &, the transition distribution can balance between heading to the “max"
projecting direction and exploring the space of directions.

Stationarity of o7 (67). A natural important question arises: what is the distribution of o (67) =
f ... j o(01,...,070)d6...d0pr_1 when T — oco? The answer to the above questions depends
on the choice of the projection distribution which is discussed in Section[3.2] For the Orthogonal-
based transitions and the uniform distribution prior, it is unclear whether the stationary distri-
bution exists. For the deterministic Input-awared transition and the uniform prior, we have
limyp_ o or(07) = Zle @q0gx With 22‘21 a, = 1 where 0% (a = 1,..., A) are local maxi-
mas of the optimization problem maxgcga—1 W, (08u, 0r) and some unknown weights o, that
depend on y and v. This property is due to the fact that the projected sub-gradient ascent can
guarantee local maxima convergence [46]. For the Input-awared vMF transition, it is also unclear if
the stationary distribution exists when the parameter x < oo.

3.3 Burning and Thinning

In the definition of MSW in Definition|l| we take the expectation on the joint distribution over all
timesteps o (61.7) which leads to the time and memory complexities to be linear with 7" in the Monte
Carlo approximation. Therefore, we can adapt the practical technique from MCMC methods which
is burning and thinning to reduce the number of random variables while still having the dependency.

Definition 2. Foranyp > 1, T > 1, dimension d > 1, the number of burned steps M > 0, and the
number of thinned steps N > 1, the burned thinned Markovian sliced Wasserstein of order p between
two probability measures 11 € P,(R?) and v € Pp(RY) is:

(T-M)/N

N
o WP (G o) | ®)
t=1

T-M

MSW;T,N,M(Na v)=E

where the expectation is under the projection distribution ¢ NT-M) ™ o (0. N(T— M)) with
o(6]. NJ(T— M)) being the marginal distribution which is obtained by integrating out random
projecting directions at the time step t such that t < M or t%N # 0 from o(0;,...,07) =
o1 (00) TI—y 01(0:]0: 1) foralit =1,...,T.

Similar to MSW, the burned-thinned MSW is also a metric on P, (R%) when there exists a time step ¢
that is not burned, is not thinned, and 6; is a random variable that has the supports on all S4-1, we
discuss more details about the burned-thinned MSW including its topological and statistical properties
in Appendix[A.4] The Monte Carlo estimation of the burned-thinned MSW is given in Equation[I0]in
Appendix The approximation is the average of the projected Wasserstein distance from 6y; with
t > M and t%N = 0. By reducing the number of random projecting directions, the computational
complexity of the burned-thinned MSW is improved to O(((T' — M)Lnlogy n+ (T'— M)Ldn)/N)
in the orthogonal-based transitions. In the case of the input-awared transition, the computational
complexity is still O(T Lnlog, n + T Ldn) since the transition requires computing the gradient of
the projected Wasserstein distance. However, in all cases, the memory complexity is reduced to
O(T — M)L(d+ n)/N).

Burned thinned MSW is the generalization of Max-SW. the empirical computation of Max-
SW [l14] with the projected sub-gradient ascent and uniform random initialization can be viewed as a
special case of burned thinned MSW with the input-awared transition and with the number of burned
samples M = T — 1. The difference is that Max-SW uses only one local maximum to compute the
distance while the burned thinned MSW uses L > 1 maximums (might not be unique).

More discussions. We refer the reader to Appendix for other related discussions e.g., “K-SW is

autoregressive decomposition of projecting distribution", “sequential generalization of Max-K-SW",
and related literature.
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Figure 1: The figures show the gradient flows that are from the empirical distribution over the
color points to the empirical distribution over S-shape points. The corresponding Wasserstein-2
distance between the empirical distribution at the current step and the S-shape distribution and the
computational time (in seconds) to reach the step is reported at the top of the figure.

Source SW (L=45), 41.77(s), W, =414.51 Max-SW (T=45), 59.13(s), W, = 449.42 K-SW (L=15K=3), 38.86(s), W, =411.74 Max-K-SW (K=3,T=15), 53.95(s), W, = 479.43

Bl tn Bl tn e Bl

Figure 2: The figures show the source image, the target image, and the transferred images from
different distances. The corresponding Wasserstein-2 distance between the empirical distribution
over transferred color palates and the empirical distribution over the target color palette and the
computational time (in second) are reported at the top of the figure.

4 Experiments

In this section, we refer MSW with orthogonal-based transition as oMSW, MSW with input-awared
transition as iMSW (using the Dirac distribution) and viMSW (using the vMF distribution). We
compare MSW variants to SW, Max-SW, K-SW, and Max-K-SW in standard applications e.g.,
gradient flows, color transfer, and deep generative models. Moreover, we also investigate the role of
hyperparameters, e.g., concentration parameter «, the number of projections L, the number of time
steps 7', the number of burning steps M, and the number of thinning steps N in applications.

4.1 Gradient Flows and Color Transfer

Gradient flows. We follow the same setting in [17]]. The gradient flow models a distribution p(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 [53]] where D is a given distance between probability measures. In this
setup, we consider v = % >, by, as a fixed empirical target distribution and the model distribution

u(t) = % S Ox, (t)- Here, the model distribution is parameterized by a time-varying point cloud

X(t) = (X;(t)j, € (R?)". Starting from an initial condition at time ¢ = 0, we integrate the
ordinary differential equation X (t) = —nV x ;) [D (£ 327, dx,(1), v)] for each iteration. In the
experiments, we utilize the Euler scheme with 300 timesteps and the step size is 10~3 to move the
empirical distribution over colorful 1000 points 1(0) to the distribution over S-shape 1000 points (/)
(see Figure |I[) For Max-SW, Max-K-SW, iMSW, and viMSW, we use the learning rate parameter
for projecting directions = 0.1. We report the Wasserstein-2 distances between the empirical
distribution p(t) and the target empirical distribution v, and the computational time in Table We
also give the visualization of some obtained flows in Figure [[] We refer the reader to Figure ] in
Appendix [C.1|for the full visualization of all flows and detailed algorithms. We observe that iMSW
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Table 1: Summary of Wasserstein-2 distances, computational time in second (s) of different gradient flows.

Distances | Wasserstein-2 () | Time (}) | Distances | Wasserstein-2 () | Time (})
SW (L=30) 0.0099 x 1072 1.55 Max-K-SW (K=2,T=15) 0.0146 x 1072 3.35
Max-SW (T=30) 0.0098 x 1072 3.48 iMSW (L=2,T=5) (ours) 0.0064 x 1072 1.41
K-SW (L=15,K=2) 0.0098 x 1072 1.71 VIMSW (L=2,T=5,5=50)(ours) | 0.0043 x 102 2.94

Table 2: Summary of FID and IS scores from three different runs on CIFAR10 (32x32), and CelebA (64x64).

Method | CIFARIO(32x32) | CelebA (64x64) | yyow |  CIFARIO(32x32) | CelebA (64x64) |
| FID) 1S | FD() | | FIDQ)  1S() | FIDW)

SW 1421£1.12  8.1940.07 | 8.93+£0.23 | oMSW (ours) | 14.1240.54 8.20+£0.05 |  9.6840.55

Max-K-SW | 14.384£0.08 8.15+0.02 | 8.94-035 | iMSW (ours) | 14.12+0.48 8.24+0.09 | 8.89+0.23

K-SW 15.24+0.02 8.15+0.03 | 9.41+0.16 | viMSW (ours) | 13.984+0.59 8.12+0.20 | 8.91+0.11

gives better flows than SW, Max-SW, K-SW, and Max-K-SW. Namely, the empirical distribution
wu(t) (¢ = 300) with iMSW is closer to v in terms of Wasserstein distance. More importantly, iIMSW
consumes less computation than its competitors since it can use a smaller number of projections due
to more informative projecting directions. Furthermore, viMSW gives better final results than iMSW,
however, the trade-off is doubling the time computation due to the sampling step of vMF distribution.
In this case, K-SW is equivalent to our oMSW with T=K=2 since the dimension d = 2. We refer the
reader to Appendix [C.1]for more discussion.

Studies on hyperparameters. From Table[3]in Appendix [C.1] increasing the number of projections L
yields better performance for SW, K-SW, and iMSW. Similarly, increasing the number of timesteps 1"
also helps Max-SW and iMSW better. Moreover, we find that for the same number of total projections
eg,L=5"T=2andT = 2, L = 5, alarger timestep 7" might lead to a better result for iIMSW.
For burning and thinning, we see that they help to reduce the computation while the performance
stays comparable or even better if choosing the right value of M and N. Also, iMSW the burning
steps M =T — 1 is still better than Max-SW with 7" time steps. For the concentration parameter «
in viMSW, the performance of viMSW is not monotonic in terms of «.

Color transfer. We aim to transfer the color palate (RGB) of a source image to the color palette
(RGB) target image. Therefore, it is natural to build a gradient flow that starts from the empirical
distribution over the color palette of the source image to the empirical distribution over the color
palette of the target image. Since the value of color palette is in the set {0, ..., 255}, we round the
value of the supports of the empirical distribution at the final step of the Euler scheme with 2000
steps and 10~3 step size. Greater detail can be found in Appendix For Max-SW, Max-K-SW,
iMSW, and viMSW, we use the learning rate parameter for projecting directions n = 0.1. We show
the transferred images, the corresponding Wasserstein-2 distances between the empirical distribution
over the transferred color palette and the empirical distribution over the target color palette, and the
corresponding computational time in Figure 2] From the figures, iIMSW and viMSW give the best
transferred images quantitatively and qualitatively. Moreover, oMSW is comparable to SW, Max-SW,
K-SW, and are better than Max-K-SW while consuming much less computation. We refer the reader
to Figure[5|in Appendix [C.2|for the color palette visualization and to Figure [6]for another choice of
the source and target images. We also conduct studies on hyperparameters in Appendix where
we observe some similar phenomenons as in gradient flow.

4.2 Deep Generative Models

We follow the setup of sliced Wasserstein deep generative models in [[15]. The full settings of the
framework including neural network architectures, training framework, and hyperparameters are
given Appendix [C.3] We compare MSW with previous baselines including SW, Max-SW, K-SW,
and Max-K-SW on benchmark datasets: CIFAR10 (image size 32x32) [29], and CelebA [36] (image
size 64x64). The evaluation metrics are FID score [21] and Inception score (IS) [S1] (except on
CelebA since IS score poorly captures the perceptual quality of face images [21]]). A notable change
in computing Max-SW is that we do not use momentum in optimization for max projecting direction
like in previous works [26] 42], which leads to a better result.

Summary of generative performance. We train generative models with SW (L €
{100, 1000, 10000}), K-SW (L € {1,10,100}, K = 10), Max-K-SW (K = {1,10},T =
{1,10,100,1000},n € {0.01,0.1})(Max-K-SW (K=1) is Max-SW), MSW (all variant, L =
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Figure 3: The FID scores and the IS scores over epochs, and some generated images from CelebA.

{10,100}, T € {10,100}), iIMSW and viMSW () € {0.01,0.1}), and viMSW and (x € {10, 50}).
We report the best FID score and the best IS score for each distance in Table[2] In addition, we show
how scores change with respect to the training epochs in Figure[3] Overall, we observe that viMSW
and iMSW give the best generative performance in terms of the final scores and fast convergence on
CIFAR10 and CelebA. The oMSW gives comparable results to baselines. Since most computation in
training deep generative models is for updating neural networks, the computational time for distances
is almost the same. Furthermore, we show some generated images on CelebA in Figure [3and all
generated images on CIFAR10 and CelebA in Figure[7]and Figure[§]in Appendix We visually
observe that the qualitative results are consistent with the quantitative results in Table

Studies on hyperparameters. We conduct experiments to understand the behavior of the burning
and thinning technique, and to compare the role of L and 7" in Table[5|in Appendix [C.3] Overall,
burning (thinning) sometimes helps to improve the performance of training generative models. There
is no clear sign of superiority between burning and thinning. We compare two settings of the same
number of total projections (same complexities): L = 10,7 = 100 and L = 100,7 = 10. On
CIFARI10O, the first setting is better while the reverse case happens on CelebA.

5 Conclusion

We have introduced the Markovian sliced Wasserstein (MSW), a novel family of sliced Wasserstein
(SW) distances, which imposes a first-order Markov structure on projecting directions. We have
investigated the theoretical properties of MSW including topological properties, statistical properties,
and computational properties. Moreover, we have discussed three types of transition distribution
for MSW, namely, orthogonal-based, and input-awared transitions. In addition, we have proposed a
burning and thinning technique to improve the computational time and memory of MSW. Finally, we
have compared MSW to previous variants of SW in gradient flows, color transfer, and generative
modeling to show that MSW distances are both effective and efficient.
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Supplement to ‘“Markovian Sliced Wasserstein Distances: Beyond
Independent Projections"

In this supplementary material, we present additional materials in Appendix [A] In particular, we
provide additional background on sliced Wasserstein variants in Appendix background on von
Mises-Fisher distribution in Appendix [A.2] algorithms for computing Markovian sliced Wasserstein
distances in Appendix additional information about burned thinned MSW in Appendix and
discussion on related works in Appendix [A.5] We then provide skipped proofs in the main paper in
Appendix [B] Additional experiments are presented in Appendix [C]

A Additional Materials

A.1 Background on Sliced Wasserstein Variants

We review computational aspects of sliced Wasserstein variants.

Computation of Max sliced Wasserstein distance. We demonstrate the empirical estimation of
Max-SW via projected sub-gradient ascent algorithm in Algorithm The initialization step for bo
is rarely discussed in previous works. Normally, 0o is randomly initialized by drawing from the
uniform distribution over the unit-hypersphere. Many previous works [26, 44| 45| 42]] use Adam
update instead of the standard gradient ascent update for Max-SW. In this work, we find out that
using the standard gradient ascent update is more stable and effective.

Algorithm 1 Max sliced Wasserstein distance
Input. Probability measures (i, v, learning rate 7, the order p, and the number of iterations 71"
Initialize 0.
fort=1t07T —1do X .
0r =0r—1+n-Vy _ Wp(Or_18u, 0 11v)
)
[10¢]]2

0 =
end for . .
Return. W, (0rtu, Ortr)

K sliced Wasserstein distance. We first review the Gram—Schmidt process in Algorithm [2] With
the Gram—Schmidt process, the sampling from U/(V i (R?)) can be done by sampling 61, ..., 0
i.i.d from N(0, I;) then applying the Gram-Schmidt process on them. Therefore, we present the
computation of K sliced Wasserstein distance in Algorithm[3] We would like to recall that the original
work of K-SW [50] uses only one set of orthogonal projecting directions. Here, we generalize the
original work by using L sets of orthogonal projecting directions.

Algorithm 2 Gram—Schmidt process

Input. K vectors 61,...,0k
01 = o
L= 1612

for k =2to K do
fori:=1tok —1do
0 = 0, — <9i,9k>9i

(6:,0:)
end fore
O = 6,2
end for
Return. 04, ...,0x

Max K sliced Wasserstein distance. We now present the empirical estimation of Max-K-SW
via projected sub-gradient ascent algorithm in Algorithm ] This algorithm is first discussed in
the original paper of Max-K-SW [[12]]. The optimization of Max-K-SW can be solved by using
Riemannian optimization since the Stiefel manifold is a Riemannian manifold. However, to the best
of our knowledge, Riemannian optimization has not been applied to Max-K-SW.
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Algorithm 3 K sliced Wasserstein distance

Input. Probability measures i, v, the dimension d, the order p, the number of projections L, the
number of orthogonal projections K.
for! =1to L do
Draw 911, ceey GlK ii.d from N(O, Id).
0i1,...,0k = Gram—Schmidt(Gll, o ,9[}()
end for

Return. (ﬁ > S Wh(Outu, 91kﬁ”)) ’

Algorithm 4 Max-K sliced Wasserstein distance

Input. Probability measures p, v, learning rate 7, the dimension d, the order p, the number of
iterations 7" > 1, and the number of orthogonal projections K > 1.
Initialize (%1, ey fox to be orthogonal.
fort =1t0o7T —1do
for k = 1to K do
O = Oy, + 1 - Vét,
end for . .
041, ..., 0 = Gram-Schmidt(6y1, . . ., Ox)
end for

Return. (% 25:1 Wg(émﬁm éTkﬁV))

Wp(étflk‘ﬁuv O 1tr)

1k

=

A.2 Von Mises-Fisher Distribution

We first start with the definition of von Mises-Fisher (vMF) distribution.

Algorithm 5 Sampling from vMF distribution

Input. location €, concentration &, dimension d, unit vector e; = (1,0, ..,0)
Draw v ~ U(S%2)

—2k++/4Kk2+(d—1)2 d—1)4+2k++/4Kk2+(d—1)2
b Sl (d—1) 4 (d—1) / (d—1)

, M (fj_(l’)) —(d—1)log(d - 1)
repeat
Draw ¢ ~ Beta (% (d — 1),
w < h(Y, k) = %
t %
Draw u ~ U(][0, 1])
until (d — 1) log(t) — t +m > log(u)
hy + (w,vV/1—w2o™)T
€ «— ey —¢€
U= T
U=1-2uu’
Output. Uh,

(d—1))

=

Definition 3. The von Mises—Fisher distribution (VMF)[23|] is a probability distribution on the unit
hypersphere S~ with the density function be:

fzle, k) := Cq(k) EXp(I{ETl'), )

where € € S is the location vector, k > 0 is the concentration parameter, and Cu(k) =

d/2-1 . L . . .

[CrTiE o) 173 T i) 8 the normalization constant. Here, 1, is the modified Bessel function of the first
l -1

kind at order v [56]].

The vMF distribution is a continuous distribution, its mass concentrates around the mean ¢, and its
density decrease when z goes away from e. When x — 0, vMF converges in distribution to /(S%~1),
and when k — oo, VMF converges in distribution to the Dirac distribution centered at € [[53]].
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Sampling: We review the sampling process in Algorithm |3| [13}45]]. The sampling process of
vMF distribution is based on the rejection sampling procedure. It is worth noting that the sampling
algorithm is doing reparameterization implicitly. However, we only use the algorithm to obtain
random samples without estimating stochastic gradients.

A.3 Algorithms for Computing Markovian Sliced Wasserstein Distances

We first start with the general computation of MSW in Algorithm[6] For the orthogonal-based transi-

tion in oMSW, we use 6, ~ Z/I(Sgl_l1 ) by first sampling 6], ~ U(S?~1) then set 0, = 6, — égg‘ ’zl,tg o,
lt— 1071t

then normalize 0;; = ”90[%. For deterministic input-awared transition, iMSW, we set 6;; = 0;;_1 +

NV, Wp(01—18p, 01i—1 ) then normalize 0), = Heez%' For probabilistic input-awared transition,
vIMSW, 6;; ~ VMF(0,|e = Projga-10;,, k) with 8], = 0;,_1 + Ve, , Wy (018, 01—18v).

Algorithm 6 Markovian sliced Wasserstein distance

Input. Probability measures 1, v, the dimension d, the order p, the number of projections L, and
the number of timesteps 7'
for! =1to L do

Draw 69 ~ o (b))

fort=1t0o7T —1do

Draw H[t ~ Ot (9t|91t_1)

end for

end for

Return. (ﬁ S S WE (Bt QltﬁV))

D=

A.4 Burned Thinned Markovian Sliced Wasserstein Distance

We continue the discussion on burned thinned MSW in Section[3.3] We first start with the Monte
Carlo estimation of burned thinned MSW.

Monte Carlo Estimation: We samples 611,...,051 ~ o01(0;) for L > 1, then we samples
01 ~ 01(0¢|0y—1) fort =1,..., T andl = 1,..., L. We then obtain samples 6}, by filtering out
t < M and t%N # 0 from the set {0} forl = 1,...,Landt¢t = 1,...,T. The Monte Carlo
approximation of the burned-thinned Markovian sliced Wasserstein distance is:

- N L (T—M)/N v
MSW,. 1 v, (1 v) = (T — M) Z Z W5 (08, 01,8v) | (10)
=1 =1

Theoretical properties. We first state the following assumption: A2. Given T > M > 0, N > 1, the
prior distribution o1 (61 ) and the transition distribution o (6¢|0;—1) are chosen such that there exists
marginals o, (6;) = [,_ o(01,...,0;)dt™ witht > M and t%N = 0,t~ ={t' =1,...,T|t' # t}.

The assumption A2 can be easily obtained by using vMF transition, e.g., in probabilistic input-awared
transition. From this assumption, we can derive theoretical properties of burned-thinned MSW
including topological properties and statistical complexity.

Propositiond4. Foranyp > 1,T > 1, M > 0, N > 1, and dimension d > 1, if A2 holds, the burned
thinned Markovian sliced Wasserstein distance MSW“T’N,M(', -) is a valid metric on the space of
probability measures P, (R%), namely, it satisfies the (i) non-negativity, (ii) symmetry, (iii) triangle
inequality, and (iv) identity.

The proof of Proposition @ follows directly the proof of Theorem [I]in Appendix

Proposition 5 (Weak Convergence). Foranyp > 1, T > 1, M >0, N > 1, and dimension d > 1,
if A2 holds, the convergence of probability measures in P, (R?) under the burned thinned Markovian
sliced Wasserstein distance MSW, 7 n a1 (-, -) implies weak convergence of probability measures and
vice versa.

17
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The proof of Proposition [5|follows directly the proof of Theorem 2]in Appendix [B.2]

Proposition 6. For any p > 1 and dimension d > 1, foranyT > 1, M > 0, N > 1 and
pv € Pp(RY), MSW,, 1 v a (11, v) < Max-SW, (1, v) < Wy(p, v).

The proof of Proposition [6]follows directly the proof of Proposition [I]in Appendix

Proposition 7 (Sample Complexity). Let X1, Xo, ..., X, be i.i.d. samples from the probability mea-
sure | being supported on compact set of R%. We denote the empirical measure ji,, = % Z?zl 0x,-
Then, foranyp > 1landT > 1, M > 0, N > 1, there exists a universal constant C' > 0 such that

EMSW, 1,5 M (pin, )] < C+/(d+1)logn/n,
where the outer expectation is taken with respect to the data X1, Xs, ..., Xn.

The proof of Proposition[7]follows directly the proof of Proposition 2]in Appendix [B.4}

Proposition 8 (Monte Carlo error). Foranyp > 1, T > 1, M >0, N > 1, dimension d > 1, and
v € Pp(RY), we have:

E|MSVVPTNM (1, v) = MSW, 1 2y (1, V)]

N (T—M)/N 2
<—~ Var WP (08, 0,80 )
< T =0 2 Wy Ot Oi)

where the variance is with respect 10 o(61, ..., 0(p_ ) /n)-

The proof of Proposition [§]follows directly the proof of Proposition 3]in Appendix

A.5 Discussions on Related Works

K-SW is autoregressive decomposition. In MSW, we assume that the joint distribu-
tion over projecting directions has the first-order Markov structure: o(6q,...,07) =

o1(6071) HtT=2 0¢(0¢|6;—1). However, we can consider the full autoregressive decomposition
a(01,...,07) = o1(01) HtTZQ 0¢(0¢01,...,0i—1). Let T = K in K-SW, hence the transition
distribution that is used in K-SW is: o4 (6|61, ..., 0;—1) = Gram-Schmidty, g, ,H4(S?"1), where
Gram-Schmidty, . o, ,(0;) denotes the Gram-Schmidt process update that applies on 6;.

Generalization of Max-K-SW. Similar to Max-SW, we can derive a Markovian-based K-sliced
Wasserstein distance that generalizes the idea of the projected gradient ascent update in Max-K-SW.
However, the distance considers the transition on the Stiefel manifold instead of the unit hypersphere,
hence, it will be more computationally expensive. Moreover, orthogonality might not be a good
constraint. Therefore, the generalization of Max-K-SW might not have many advantages.

Beyond the projected sub-gradient ascent update. In the input-awared transition for MSW, we
utilize the projected sub-gradient update as the transition function to create a new projecting direction.
Therefore, we could other optimization techniques such as momentum, adaptive stepsize, and so on
to create the transition function. We will leave the investigation about this direction to future work.

Applications to other sliced Wasserstein variants. The Markovian approach can be applied to other
variants of sliced Wasserstein distances e.g., generalized sliced Wasserstein [26], augmented sliced
Wasserstein distance [10], projected robust Wasserstein (PRW) [47} 32} 22] (k > 1 dimensional
projection), convolution sliced Wasserstein [43]], sliced partial optimal transport [6, 2], and so on.

Markovian sliced Wasserstein distances in other applications. We can apply MSW to the setting
in [31]] which is an implementation technique that utilizes both RAM and GPUs’ memory for training
sliced Wasserstein generative models. MSW can also replace sliced Wasserstein distance in pooling
in [38]. Similarly, MSW can be used in applications that exist sliced Wasserstein distance e.g.,
clustering [28]], Bayesian inference [39,161]], domain adaptation [60], and so on.
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B Proofs

B.1 Proof of Theorem[]

(i), (ii): the MSW is an expectation of the one-dimensional Wasserstein distance hence the non-
negativity and symmetry properties of the MSW follow directly by the non-negativity and symmetry
of the Wasserstein distance.

(iii) From the definition of MSW in Definition [I| given three probability measures p1, 2, 3 €
P, (RY) we have:

P

T
1
MSW,, 7 (g1, pi3) = (E(el:T)w(elzT) T ZWI? (9tﬁu179tﬁu3)]>

1
P

T
< (E(emw(em %Z (W (Oepr, Orfpz) + Wy (Gtﬁuz,Gtﬁug))pD

P

T
1
< (E(el;T)w(em) T > owr (9tﬁu1,9tﬁuz)]>

1
T P
1
+ <E(91:T)N‘T(91;T) T Z Wé) (Ocpe, atﬁNS)] )
t=1

= MSWPvT(Mlv ,LLQ) + MSW%T(M% :U/3)a

where the first inequality is due to the triangle inequality of Wasserstein distance and the second
inequality is due to the Minkowski inequality. We complete the triangle inequality proof.

(iv) We need to show that MSW,, (1, v) = 0 if and only if © = v. First, from the definition of MSW,
we obtain directly o = v implies MSW,, 7 (u, v) = 0. For the reverse direction, we use the same proof
technique in [8]. If MSW,, r(u, ) = 0, we have fs<d—1>®T % Zthl W, (0:ti, 0:v) do(01.7) = 0.
If A1 holds, namely, the prior distribution o7 (#; ) is supported on all the unit-hypersphere or exists a
transition distribution o (6;|6,_1) is supported on all the unit-hypersphere, we have W, (0, 0fr) =
0 for all § € S%=! where o denotes the prior or the transition distribution that satisfies the assumption
A1. From the identity property of the Wasserstein distance, we obtain 8ty = 0fv for o-a.e § € S,
Therefore, forany t € R and 6 € S4-1, we have:

Flules) = [

Rd

— Fiozl(o - |

R

e~ M0 dpy () = /R e~ d0iu(z) = Flo4ul(t)

e’”zd(‘)]jy(z) _ / 6*“<9:w>dV(ZL’) = }—[V] (te),

Rd

where F[y](w) = [pu e~"®® dy(z) denotes the Fourier transform of € P(R®). By the injectiv-
ity of the Fourier transform, we obtain ;+ = v which concludes the proof.

B.2 Proof of Theorem 2|

Our goal is to show that for any sequence of probability measures (i )ren and p in P,(R%),
limy; { oo MSW,, 7 (41, p£) = 0 if and only if for any continuous and bounded function f : R? — R,
limg 400 f fdug = f f dp. The proof follows the techniques in [41]]. We first state the following
lemma.

Lemma 1. Forany T > 1, and dimension d > 1, if Al holds and a sequence of probability measures
(k) ken satisfies limy oo MSW1 1 (p1k, 1) = O with pu in P(R®), there exists an increasing function

¢ : N — N such that the subsequence (“¢(k))k cny converges weakly to L.

Proof. We  are  given that  limy_, oo MSWq 7 (g, 1) = 0, therefore
limy o0 [sa-ner %25:1 Wi (0, Oiip) do(61.7) = 0. If Al holds, namely, the prior
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distribution o1(f;) is supported on all the unit-hypersphere or exists a transition distribution
0(0¢|60:—1) is supported on all the unit-hypersphere, we have

lim Wy (0tuk, 08p) do(8) = 0,

k—oo Jgd—1

where o denotes the prior or the transition distribution that satisfies the assumption A1. From Theorem
2.2.5 in [3]], there exists an increasing function ¢ : N — N such that limy, ;oo W1 (011, 08v) = 0
for o-a.e § € S¥1. Since the Wasserstein distance of implies weak convergence [58], (9ﬁu¢(k)) EN
converges weakly to 0y for o-a.e § € S

Let &), = [p. (") dyu(w) be the characteristic function of ;1 € P(R?), we have the weak conver-
gence implies the convergence of characteristic function (Theorem 4.3 [24]): limy_,oc Poy (k) (s) =

Dyy,(s), Vs € R, foro-aed € STL. Therefore, limy_, o0 Dy (2) = ®,(2), for almost most
every z € R%,

For any v > 0 and a continuous function f : R? — R with compact support, we denote f.(x) =

f\[* g, (x) = (27r72)7d/2 Jga f(z — 2) exp (—||z]|?/ (27?)) dz where g, is the density function of
(0,v1q). We have:

| 5@ = [ [ fw = w)dw dis (2
- / d / £lw) (219%) "% expl— |2 = wl/(29%)dw dugiey ()

—d/2 i(z—w,x
(2my?) ™Y / / / Y91/ (@)dz dw dpgry (2)
Rd JRd d
—d/2 —i{w,z) i{z,x
_ (2r92) " / / / wa) oi=2) g, (2)da dw dpg ) (2)
R4 JRA R4
—d/2 i{z,x
= (2792) Y / / g1, (@) / ) dprg (2)da dw
Rd JR R
—d/2 —i(w,z
= (2m7?) /d Rd Flw)e % gy (2) @y, (2)da dw

R
—d/2
/‘7: gl/'y )#¢(k)(z)dxv

where the third equality is due to the fact that [, €!*="%) g, (z)dz = exp(—||z—wl|?/(2+?)) and

! w) = [par [ (x)e~*®:*) dg: denotes the Fourier transform of the bounded function f. Similarly,
we have

[ 5 Glants / [ )z = w)dw di(2)

R4
K >gl/y(m)d$ dw du(z)

(w) (27%)
o / 0 [

=) [ / Sy, ()da dw dp(z)
e
/. /

7 exp(—[z — w][?/(2*))dw dpu(2)

= (2m%) g1y (2 )/d %) dp(z)dz dw
R

—d/2
/ ) g1/ ()@, () da duw

d”/ FIf)(@)g1- ()@, (x)da.

Since f is assumed to have compact support, F|[f] exists and is bounded by [ea |f(w |dw <
+00. Hence, for any ¥ € R and z € RY we have |F[f](z)g1/,(2)® L) (x)] <
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91/+(@) Jga |f(w)|dw and |F[f](z)g1/,(@)®u(x)| < g17(@) [za|f(w)|dw. Using the proved
result of limy 00 @y, ,,, (2) = . (2) and Lebesgue’s Dominated Convergence Therefore, we obtain

tim [ (o (2

k—o0

—d/2
hm 27T'y //]: ) g1 /o (1) P qu(k)(m)dx

k—o0

= (QW’YQ) o /]Rd ‘F[f](x)gl/v(x)q)%(k) (z)dz

= [ et

[ 1) - [ e

Moreover, we have:

hm lim sup
70 k—+oco

<limlimsup[2sup|f() fy(z |+‘/ Fy(2) g (2 /fv )du(z

Y70 ksqoo | zeRd

= lim 2 sup |f(2) — f5(2)| =0,

z€R4

i

which implies (u¢( k)) converges weakly to p. O

kEN
We now continue the proof of Theorem We first show that if limg_,oo MSW, 1 (g, pt) =
0, (4r)pen converges weakly to p.  We consider a sequence (u¢(k)) beN such that
limy,_, oo MSW,, 7(1tx, £) = 0 and we suppose (u¢(k))keN does not converge weakly to p. There-
fore, let dp be the Lévy-Prokhorov metric, limy o0 dp,, ) 7# O that implies there exists € > 0
and a subsequence (Mw(k)) kN with an increasing function 1) : N — N such that for any £ € N:

dp (fy(ry, 1) > €. However, we have

1
P

MSW,, 7 (p,v) = (E(ehww(em)

1 T
72 etﬁu,etﬁv)D
t=1

T
pr etﬂu,etﬁu)]

= IE:(01:7*)N<7(91:T)

> E,.1)~o(01.0)

T
Z Wl otﬁ/% efﬁy)] = MSWLT(,LL, V)7

by the Holder inequality with 1, v € P,(R?). Therefore, limy,_, MSW1 7 (fty(k), #) = O which

implies that there exists s a subsequence (/%W(k))) keN with an increasing function ¢ : N — N

such that (“¢(¢(’f)))keN converges weakly to p by Lemma Hence, limg_, o dp (M¢(w(k)), H) =0
which contradicts our assumption. We conclude that if limy_,oc MSW,, 1 (g, 1) = 0, (pr) en
converges weakly to (.

Now, we show that if (u), o converges weakly to i, we have limy oo MSWy, 7(py, 1) = 0. By

the continuous mapping theorem, we obtain (6fus), < converges weakly to 6y for any 6 € Sé-1,
Since the weak convergence implies the convergence under the Wasserstein distance [58]], we obtain
limg o0 Wp(ﬁﬁuk, w) = 0. Moreover, the Wasserstein distance is also bounded, hence the bounded
convergence theorem:

T
Jim MSW? - (ttks 1) = Eo,.1)~o (01.1) Z: 9tﬁuk,9tﬁﬂ)1
T

Z

= ]E(QI:T)NO'(GLT)

By the continuous mapping theorem with function 2z — /7, we obtain limy,_, o MSW,, 7 (poge, pt) —
0 which completes the proof.
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B.3  Proof of Proposition 1]
(i) We recall the definition of Max-SW:
Max-SW,, (1, v) = max W,(0u, 0tv).
fesd—1

Let 0* = argmaxgycga—1 W), (081, 0fv), from Deﬁnition forany p > 1,7 > 1, dimension d > 1,
and i, v € P,(R?) we have:

=W Gt MV)D

t=1

MSW,, 7 (p,v) = (E(olzT)w(el:T)

=

T
1 * * * *
< (TZW}? (0"2n, 0 M) = W, (6" tp, 0* ) = Max-SW,, (1, v).
t=1
Furthermore, by applying the Cauchy-Schwartz inequality, we have:

< max inf 0|7 ||z — y||Pdr(z,
< s, (nt [ 01l ylPante)

[ el ylPan(e.)
mell(p,v) JRd xR

= inf x — yl||Pdn(x,
it /RWH y|Pdn(z,y)

=Wy (u,v),

which completes the proof.

(ii) This result can be directly obtained from the definitions of MSW and SW.

B.4 Proof of Proposition 2]

In this proof, we denote © C R? as the compact set of the probability measure y. From Proposition
we find that

EMSWy, 1 (ptn, )] < E [Max-SWp(tin, p)] -

Therefore, the proposition follows as long as we can demonstrate that

E[Max-SW,(pin, )] < C+/(d+ 1) logyn/n

where C' > 0 is some universal constant and the outer expectation is taken with respect to the data.
The proof for this result follows from the proof of Proposition 3 in [43]. Here, we provide the proof
for the completeness. By defining F}, g and Fy as the cumulative distributions of 6, and 64, the
closed-form expression of the Wasserstein distance in one dimension leads to the following equations
and inequalities:

1
Max-SWE (. 1) = max, [ |Fj) = Fy ()P

1
= F*l o F,1 Py
aen@%ﬁ;ﬁ\:l/o g (u) — Fy (u)[Pdu

< diam(© F, — Fy(x)P.
< diam( )een«%{%{ugl o0(x) — Fy(x)|

We can check that

ma F,o(x) — Fop(z)| = sup |un(B) — n(B)],
GERd:H;(H§1| 0(2) o(z)| BEI;W( ) — u(B)|
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where B is the set of half-spaces {z € R? : 7z < z} for all § € R? such that ||§|| < 1. From VC
inequality (Theorem 12.5in [16]), we have

v (Sup 1a(B) - u(B)| > f) < 8S(B,n)e "/,
BeB

with S(B,n) is the growth function which is upper bounded by (n + 1)V¢(3) due to the Sauer
Lemma (Proposition 4.18 in [59]]). From Example 4.21 in [59]], we get VC(B) = d + 1.

Let 85(B, n)e*”t2/32 < 6, we have t? > 22 ]og (%). Therefore, we obtain

32 85(B, n)
P (;g% lun(B) — w(B)| < \/ log (5)> >1-34,

Now we convert the probability statement to inequality with expectation. Using the Jensen inequality

and the tail sum expectation for non-negative random variable, we have:

B | sup [0, () — ()|

\/E sup () - u<B>|]2 AR ((;gp n(B) M(B)I)2 > t) d

/Oup ((zlé%mn(B) - u(B)I)2 > t) dt + /MOOP ((gléyun(ze) - M(B)|>2 > t) dt
< \//Ou 1dt+/uoo 8S(B,n)e—"t/32dt = \/U+2565(B, n)efn:/zzz‘

Let f(u) = u + 2565(B,n)< —/ e have f'(u) = 1+ 8S(B,n)e""/32 hence the minima
x _ 32 log(85(B,n)

- ). Since the 1nequality holds for any u, we have:

E{supmn( )—M(B)@ <\/3210g(8:(&7m+32<0\/(d+1)10g(n+1)’

BeB n
by using Sauer Lemma. Putting the above results together leads to

E[Max-SW,(pn, 1)) < C+/(d + 1) logyn/n,

where C' > 0 is some universal constant. As a consequence, we obtain the conclusion of the
proposition.

IA

u

B.5 Proof of Proposition 3|

Forany p > 1, T > 1, dimension d > 1, and 1, v € P,(R?), using the Holder’s inequality, we have:
EIMSW, (4, v) — MSW . (41, v)|
’)

Wo(Oubp, Outiv) — Eo, 1m0 (61.1)

N|=

< (E|Mswp,T<u, v) = MSW? (1, v)

. 2\ 4

1

TZW 9tﬁ/~L79tﬁV)1
t=1

] =

1 X
E\7g 2

t=1

1
1 I L 2
Ti Z Z W (Outip, atlﬁy)‘| )

t=1 l=

£

— Var

~

2

T
ZW etﬁﬂaatﬁy)‘| )
t=1

which completes the proof.
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Algorithm 7 Gradient flow with the Euler scheme

Input. the start distribution y1 = 1 3" | §x,, the target distribution v = 1 ™" | §y., number of
Euler iterations 7" (abuse of notation), Euler step size 1 (abuse of notation), a metric D.
fort =1to T do
X =X -n-nVxD(Px, Py)
end for
Output. = L 3" | by,

W,: 25.3149x1072 (0s) W,: 0.5913x1072 (1.07s) W;: 0.0099%1072 (1.55s) W,: 25.3149% 102 (0s) W;: 0.1091x1072 (2.37s) W,: 0.0098x1077 (3.48s)

s A%

he’ PRy Yl °

e %, 2

o i® SR ;

HE K }' c

91 T : @

z el # %

.&.-’ =

W;: 25.3149x1072 (0s) Wa: 0.5846x1072 (1.165) W;: 0.0098x102 (1.715)

L%,

& 2
oy

%

=2

K-SW L=15 K:

Max-K-SW K=2 T=15

W»: 0.0104x10°2 (0.87s)

=27=5
=2

DSW L.
OMSW L=5 T

steps 0 steps 200 steps 300

W,: 25.3149x10-2 (0s) W,: 0.0483x1072 (0.99s) W,: 0.0064x1072 (1.41s) W,: 25.3149x1072 (0s) W>: 0.0512x10~2 (2.055) Wa: 0.0043x102 (2.94s)

S £ | }

b
Yoo,
steps 0 Steps 200 steps 300 steps 0 steps 200 steps 300

50

5

27:
=5k

t‘"

e

2T:

iIMSW L:

VIMSW L

Figure 4: The figures show the gradient flows that are from the empirical distribution over the
color points to the empirical distribution over S-shape points produced by different distances. The
corresponding Wasserstein-2 distance between the empirical distribution at the current step and the
S-shape distribution and the computational time (in second) to reach the step is reported at the top of
the figure.

C Additional Experiments

In this section, we present the detail of experimental frameworks and additional experiments on
gradient flows, color transfer, and deep generative modeling which are not in the main paper.

C.1 Gradient Flows

Framework. We have discussed in detail the framework of gradient flow in Section[d.1]in the main
paper. Here, we summarize the Euler scheme for solving the gradient flow in Algorithm 7]

Visualization of gradient flows. We show the visualization of gradient flows from all distances
(Table [T) in Figure @ Overall, we observe that the quality of the flows is consistent with the
quantitative Wasserstein-2 score which is computed using [18]]. From the figures, we see that iMSW
and viMSW help the flows converge very fast. Namely, Wasserstein-2 scores at steps 200 of iMSW
and viMSW are much lower than other distances. For oMSW, with L = 5,7 = 2, it achieves a
comparable result to SW, K-SW, and Max-SW while being faster.

Studies on hyper-parameters. We run gradient flows with different values of hyper-parameters and
report the Wasserstein-2 scores and computational time in Table 3] From the table and Figure 4 we
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Table 3: Summary of Wasserstein-2 scores, computational time in second (s) of different distances in gradient
flow application.

Distances | Wasserstein-2 (|) | Time (}) | Distances | Wasserstein-2 (]) | Time ({)
SW (L=10) | 0.0113x1072 | 085 | SW(L=100) | 0.0096 x 10-2 | 4.32
Max-SW (T=5) | 0.0231x1072 | 1.02 | Max-SW (T=100) | 0.0083x1072 | 10.46
K-SW (L=5,K=2) | 0.0104x1072 | 092 |K-SW (L=20,K=2) | 0.0096 x 10°2 | 1.97
Max-K-SW (K=2,T=5) | 0.0152x1072 | 141 | Max-K-SW (K=2,T=100) | 0.0083 x 1072 | 10.46
iMSW (L=1,T=5) 0.0109 x 102 1.07 | iMSW (L=5,T=5) 0.0055 x 1072 2.44
iMSW (L=2,T=10) 0.0052 x 1072 2.79 | iMSW (L=5,T=2) 0.0071 x 102 1.14
iMSW (L=2,T=5,M=4) 0.0101 x 102 12 | iMSW (L=2,T=5M=2) 0.0055 x 1072 1.25
iMSW (L=2,T=5M=0,N=2) | 0.0066 x 102 128 | iMSW (L=2,T=5M=2,N=2) | 0.0072 x 1072 1.19
ViMSW (L=2,T=5,x=10) | 0.0052x10=2 | 3.12 | viMSW (L=2,T=5,k=100) | 0.0053 x 10=2 | 2.76

SW (L=45), 41.77(s), W, = 414.51 Max-SW (T=45), 59.13(s), W, = 449.42 K-SW (L=15,K=3), 38.86(s), W, = 411.74 Max-K-SW (K=3,T=15), 53.95(s), W, = 479.43

Figure 5: The figures show the source image, the target image, and transferred images from
different distances. The corresponding Wasserstein-2 distance between the empirical distribution
over transferred color palates and the empirical distribution over the target color palette and the
computational time (in second) is reported at the top of the figure. The color palates are given below
the corresponding images.

see that SW with I = 10 is worse than oMSW, iMSW, and viMSW with L = 2,T = 5 (10 total
projections). Increasing the number of projections to 100, SW gets better, however, its Wasserstein-2
score is still higher than the scores of iMSW and viMSW while its computational time is bigger.
Similarly, Max-(K)-SW with 7" = 100 is better than Max-(K)-SW with T" = 5 and T" = 10, however,
it is still worse than iMSW and viMSW in terms of computation and performance. For burning
and thinning, we see that the technique can help improve the computation considerably. More
importantly, the burning and thinning techniques do not reduce the performance too much. For
iMSW, increasing L and T’ leads to a better flow. For the same number of total projections e.g., 10,
L = 2,T = 5is better than L. = 5,7 = 2. For viMSW, it usually performs better than iMSW,
however, its computation is worse due to the sampling complexity of the vMF distribution. We vary
the concentration parameter x € {10,50, 100} and find that x = 50 is the best. Hence, it might
suggest that a good balance between heading to the “max" projecting direction and exploring the
space of projecting directions is the best strategy.

C.2 Color Transfer

Framework. In our experiments, we first compress the color palette of the source image and the
target image to 3000 colors by using K-Mean clustering. After that, the color transfer application is
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Source SW (L=45), 40.48(s), W = 68.09 Max-SW (T=45), 59.98(s), W, = 207.12 K-SW (L=15K=3), 39.09(s), W, = 67.88 Max-K-SW (K=3,T=15), 54.23(s), W, = 65.52

OMSW (L=3,T=5), 13.78(s), W, = 68.51 iMSW (L=3,T=5), 26.12(s), W, =22.35 Target
R e o T

Figure 6: The figures show the source image, the target images, and transferred images from
different distances. The corresponding Wasserstein-2 distance between the empirical distribution
over transferred color palates and the empirical distribution over the target color palette and the
computational time (in second) is reported at the top of the figure. The color palates are given below
the corresponding images.

Algorithm 8 Color Transfer

Input. source color palette X € {0,...,255}"3, target color palette Y € {0,...,255}"*3,
number of Euler iterations " (abuse of notation), Euler step size 7 (abuse of notation), a metric D.
fort =1to T do

X =X —-n-nVxD(Px, Py)
end for
X =round(X, {0,...,255})
Output. X

conducted by using Algorithm 8| which is a modified version of the gradient flow algorithm since the
color palette contains only positive integer in {0, ..., 255}. The flow can be seen as an incomplete
transportation map that maps from the source color palette to a color palette that is close to the target
color palette. This is quite similar to the iterative distribution transfer algorithm [8]], however, the
construction of the iterative map is different.

Visuallization of transferred images. We show the source image, the target image, and the
corresponding transferred images from distances in Figure[5|and Figure[6] The color palates are given
below the corresponding images. The corresponding Wasserstein-2 distance between the empirical
distribution over transferred color palates and the empirical distribution over the target color palette
and the computational time (in second) is reported at the top of the figure. First, we observe that
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Table 4: Summary of Wasserstein-2 scores, computational time in second (s) of different distances in the color
transfer application.

Distances | Wasserstein-2 (|) | Time (]) | Distances | Wasserstein-2 (|) | Time (})
SW (L=45) | 41451 | 4177 | SW(L=15) \ 4215 | 1296
Max-SW (T=45) | 44942 | 5913 | Max-SW (T=15) | 45037 | 19.03
K-SW (L=15,K=3) | 41174 | 3886 | K-SW(L=5,K=3) | 41316 | 142
Max-K-SW (K=3,T=15) | 47943 | 5395 | Max-K-SW (K=3,T=5) | 51043 | 17.46
oMSW (L=3,T=5) ‘ 415.06 ‘ 13.69 ‘ oMSW (L=3,T=15) ‘ 414.29 ‘ 38.51
iMSW (L=3,T=5) 16.97 2591 iMSW (L=3,T=15) 15.23 79.47
iIMSW (L=5,T=5) 21.63 39.82 iIMSW (L=5,T=3) 24.02 22.27
iMSW (L=3,T=15,M=14) 26.23 48.08 iMSW (L=3,T=15,M=10) 18.67 55.55
iMSW (L=3,T=15,M=0,N=2) 16.6 62.66 iMSW (L=3,T=15,M=10,N=2) 19.2 50.1
VIMSW (L=3,T=5,5=50) | 16.48 | 2914 | VIMSW (L=3,T=5,x=100) | 16.49 | 2906

the qualitative comparison (transferred images and color palette) is consistent with the Wasserstein
scores. We observe that iIMSW and viMSW have their transferred images closer to the target image
in terms of color than other distances. More importantly, iMSW and viMSW are faster than other
distances. Max-SW and Max-K-SW do not perform well in this application, namely, they are slow
and give high Wasserstein distances. For oMSW, it is comparable to SW and K-SW while being
faster.

Studies on hyper-parameters. In addition to result in Figure|5| we run color transfer with other
settings of distances in Table 4 From the table, increasing the number of projections L lead to
a better result for SW and K-SW. However, they are still worse than iMSW and viMSW with a
smaller number of projections. Similarly, increasing 7" helps Max-SW, Max-K-SW, and iMSW better.
As discussed in the main paper, the burning and thinning technique improves the computation and
sometimes enhances the performance.

C.3 Deep Generative Models

Framework. We follow the generative modeling framework from [20l 42]. Here, we state an
adaptive formulation of the framework. We are given a data distribution p € P(X) through its
random samples (data). Our goal is to estimate a parametric distribution v, that belongs to a family of
distributions indexed by parameters ¢ in a parameter space ®. Deep generative modeling is interested
in constructing v via pushforward measure. In particular, v is implicitly represented by pushing
forward a random noise vy € P(Z) e.g., standard multivariable Gaussian, through a parametric
function Gy : Z — X (a neural network with weights ¢). To estimate ¢ (), the expected distance
estimator [54,41] is used:

argmin¢€¢E(XVZ)Nu®m®y§9m [D(PX7 PG'¢(Z))]7

where m > 1, D can be any distance on space of probability measures, ;€ is the product measures,
namely, X = (z1,...,%m) ~ p® is equivalent to z; ~ pfori=1,...,m, and Px = % S O
Similarly, Z = (21,. .., zm) With z; ~ v fori = 1,...,m, and G4(Z) is the output of the neural
work given the input mini-batch Z.

By using Wasserstein distance, sliced Wasserstein distance, and their variants as the distance D, we
obtain the corresponding estimators. However, applying directly those estimators to natural image
data cannot give perceptually good results [20,[15]]. The reason is that Wasserstein distance, sliced
Wasserstein distances, and their variants require a ground metric as input e.g., L5, however, those
ground metrics are not meaningful on images. Therefore, previous works propose using a function
that maps the original data space X to a feature space F where the £5 norm is meaningful [52]. We
denote the feature function F, : X — F. Now the estimator becomes:

argming o B 7). me@,om [D(Pr,(x), Pr,(Gy(2)))]-
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Figure 7: Random generated images of distances on CIFAR10.

The above optimization can be solved by stochastic gradient descent algorithm with the following

stochastic gradient estimator:

VoE x z)pomauem [P(Pr,(x), PR, (cs(2)] = Ex zy0pomeuem VoD (Pr,x), Pr,(c4(2)))]
K

1
~ 26 2 VoD(Pr(x0) Pr,(Go(z0)):
k=1

where X1, ..., Xk are drawn i.i.d from p®™ and Z1, ..., Zy are drawn i.i.d from 1/897”. There are
several ways to estimate the feature function F’, in practice. In our experiments, we use the following
objective [13]:

min (Ex e [min(0, 1+ H(F,(X)))] + B, on [min(0, -1 — H(F,(Go(2))])

where H : 7 — R. The above optimization problem is also solved by the stochastic gradient descent
algorithm with the following gradient estimator:

Vs (Exepom min(0, =1 + H(F, (X)) + E; o [min(0, =1 — H(F, (Go(2))))])

= Exyon [Vy min(0, 1+ H(F, (X)) + By o0 [V min(0, =1 — H(F, (Gy(2)))))]

K K
~ o IV, min(0, 1+ H(E,(X)] + % SOV min(0, ~1 — H(E, (GolZ),
k=1 k=1

where X1,..., X are drawn i.i.d from y®™ and Z1, ..., Zx are drawn i.i.d from V(j@m.

Settings. We use the following neural networks for G and F,:

* CIFAR10:
-Gy 2z € R¥(~ 1y : N(0,1)) — 4 x 4 x 256(Dense, Linear) —
ResBlock up 256 — ResBlock up 256 — ResBlock up 256 — BN, ReLU, —
3 x 3 conv, 3 Tanh .

- F,: x € [-1,1]3%%32X3 — ResBlock down 128 — ResBlock down 128 —
ResBlock down 128 — ResBlock 128 — ResBlock 128.

7R
https://doi.org/10.52202/075280-1730 39839



Table 5: Summary of FID and IS scores of methods on CIFAR10 (32x32), and CelebA (64x64)

CIFAR10 (32x32) CelebA (64x64)
FID (1) IS (1) FID (1)

Method ‘ ‘
| |
iMSW (L=100,T=10,M=0,N=1) 14.61+£0.72  8.154+0.15 9.73+0.33

iMSW (L=100,T=10,M=9,N=1) 14.16+1.11  8.174+0.07 9.10£0.34

iMSW (L=100,T=10,M=5,N=1) 13.93+0.21  8.15+0.05 9.49+0.52
iMSW (L=100,T=10,M=0,N=2) 14.33+0.32  8.15£0.06 8.99+0.64
iMSW (L=10,T=100,M=0,N=1) 14.26+0.74  8.15£0.07 8.89+0.23
iMSW (L=10,T=100,M=99,N=1) | 14.50+0.70 8.12+0.08 9.55£0.35
iMSW (L=10,T=100,M=50,N=1) | 14.41+0.58 8.12+0.06 9.46+0.73
iMSW (L=10,T=100,M=0,N=2) 14.65+0.01 8.114+0.06 9.49+0.39

-F, x € R®8 5 ReLU —  Global sum pooling(128) —
1(Spectral normalization).

- Fy(z) = (Fy,(2), Fy, (Fy, () and H(F,(2)) = F,, (Fy, (2)).
¢ CelebA.

-Gy z € R¥(~ 1y : N(0,1)) — 4 x 4 x 256(Dense, Linear) —

ResBlock up 256 — ResBlock up 256 — ResBlock up 256 —

ResBlock up 256 —+ BN, ReLU, — 3 x 3 conv, 3 Tanh .

F,: x € [-1,1]3*32X3 — ResBlock down 128 — ResBlock down 128 —

ResBlock down 128 — ResBlock 128 — ResBlock 128.

-F, x € RZ®8 5 ReLU — Global sum pooling(128) —
1(Spectral normalization).

- Fy(z) = (Fy, (2), Fy, (Fy, (2))) and H(F, (x)) = F, (Fy, (7).

For all datasets, the number of training iterations is set to 50000. We update the generator G, each
5 iterations while we update the feature function F, every iteration. The mini-batch size m is set
128 in all datasets. The learning rate for G4 and F, is 0.0002 and the optimizer is Adam [25] with
parameters (31, 32) = (0,0.9). We use the order p = 2 for all sliced Wasserstein variants. We use
50000 random samples from estimated generative models G for computing the FID scores and the
Incepti;{)zrll scores. In evaluating FID scores, we use all training samples for computing statistics of
dataset:

Generated images. We show generated images on CIFAR10 and CelebA from different generative
models trained by different distances in Figure[7and in Figure §]in turn. Overall, images are visually
consistent with the quantitative FID scores in Table[2]

Studies on hyperparameters. We run some additional settings of iMSW to investigate the perfor-
mance of the burning thinning technique and to compare the role of L and T in Table[5] First, we
see that burning and thinning helps to improve FID score and IS score on CIFAR10 and CelebA in
the settings of L = 100, 7" = 10. It is worth noting that the original purpose of burning and thinning
is to reduce computational complexity and memory complexity. The side benefit of improving
performance requires more investigation that is left for future work. In addition, we find that for the
same number of total projections 1000 without burning and thinning, the setting of L = 10,7 = 100
is better than the setting of L = 100,7" = 10 on CIFAR10. However, the reverse direction happens
on CelebA. Therefore, on different datasets, it might require hyperparameter tunning for finding the
best setting of the number of projections L and the number of timesteps 7'

We evaluate the scores based on the code from https://github.com/GongXinyuu/sngan.pytorch,
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