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ARTICLE INFO ABSTRACT

Keywords: The empirical success of Generative Adversarial Networks (GANs) caused an increasing interest in theoretical
Generative adversarial networks research. The statistical literature is mainly focused on Wasserstein GANs and generalizations thereof, which
Rate of convergence especially allow for good dimension reduction properties. Statistical results for Vanilla GANs, the original

Oracle inequality
Wasserstein distance
Distribution estimation

optimization problem, are still rather limited and require assumptions such as smooth activation functions
and equal dimensions of the latent space and the ambient space. To bridge this gap, we draw a connection
from Vanilla GANs to the Wasserstein distance. By doing so, existing results for Wasserstein GANs can be
extended to Vanilla GANs. In particular, we obtain an oracle inequality for Vanilla GANs in Wasserstein
distance. The assumptions of this oracle inequality are designed to be satisfied by network architectures
commonly used in practice, such as feedforward ReLU networks. By providing a quantitative result for the
approximation of a Lipschitz function by a feedforward ReLU network with bounded Holder norm, we conclude
a rate of convergence for Vanilla GANs as well as Wasserstein GANs as estimators of the unknown probability

distribution.
1. Introduction are obtained by replacing the Jensen-Shannon divergence by the Kan-
torovich dual of the Wasserstein distance (see Section 2). Here, Lip(1)
Generative Adversarial Networks (GANs) have attracted much atten- denotes the set of all Lipschitz continuous functions with a Lipschitz
tion since their introduction by Goodfellow et al. (2014), initially due to constant bounded by one. This approach can be generalized using
impressive results in the creation of photorealistic images. Meanwhile, Integral Probability Metrics (IPMs, Mueller, 1997). For the application

the areas of application have expanded far beyond this, and GANs
serve as a prototypical example of the rapidly evolving research area
of generative models.

The Vanilla GAN as constructed by Goodfellow et al. (2014) relies
on the minimax game

to GANSs, see for example Liang (2021).

The analysis of Wasserstein GANs can exploit the existing theory
on the Wasserstein distance. The latter has a long record of research,
particularly in the context of optimal transport (Villani, 2008) but
also in machine learning, see Torres, Pereira, and Amini (2021) for
inf sup E[log D(X) + log(1 — D(G(Z)))], €)) an overview. In contrast, Vanilla GANs and the Jensen-Shannon diver-
G€G pep . . .
gence have been studied less extensively, and fundamental questions
have not been settled. In particular, all statistical results for Vanilla
GANSs require the same dimension of the latent space and the target
space which is in stark contrast to common practice. The Jensen—
Shannon divergence between singular measures is by definition maxi-
mal. Therefore, we cannot expect proofs of convergence in a dimension
reduction setting. In practice, however, Vanilla GANs have worked
in a wide range settings. Another algorithmic drawback of Vanilla

to learn an unknown distribution P* of the random variable X. The
generator G chosen from a set G, applied to the latent random variable
Z aims to mimic the distribution of X as closely as possible. The
discriminator D, chosen from a set D, has to distinguish between real
and fake samples.

The optimization problem in (1) is motivated by the Jensen-
Shannon divergence, see Goodfellow et al. (2014, Theorem 1). Gener-

alizations of the underlying distance have led to various extensions of o ) 3 e
the original GAN, such as f-GANs (Nowozin, Cseke, & Tomioka, 2016). GANSs highlighted by Arjovsky and Bottou (2017) is that an arbitrarily

More famously, Wasserstein GANs (Arjovsky, Chintala, & Bottou, 2017), large discriminator class prevents the generator from learning. Thus,
characterized by using neural networks as a discriminator class must be advantageous
) compared to the set of all measurable functions. This empirical fact
ggg WZEE(DE[W(X) - WG2)). @ is supported by the numerical results by Farnia and Tse (2018) who
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impose a Lipschitz constraint on the discriminator class. In this work,
we broaden the theoretical boundaries of Vanilla GANs to cope with
the empirical evidence. To this end, we replace the Jensen-Shannon
framework with a Wasserstein perspective.

A wide range of methods exists for measuring distances between
probability measures with varying properties. In view of the manifold
hypothesis for high-dimensional data, it is crucial that the selected
metric can discriminate between different singular measures. This is not
the case for the Total Variation distance, the Jensen-Shannon distance,
or even stronger metrics where singular distributions always attain the
maximal value of the distance. Conversely, it is advantageous to select
a strong metric, as this yields immediate bounds in weaker metrics.
In view of this tension we will analyze Vanilla GANs with respect
to the Wasserstein-1 distance which is often used in the statistical as
well as the machine learning literature. A comprehensive overview of
the advantages of the Wasserstein-1 distance over other measures that
metrize weak convergence, we direct the reader to Villani (2008, p.
98 f.). For an overview of distances between probability measures, we
refer the reader to Gibbs and Su (2002, Figure 1).

Our contribution. Our work aims to bridge the gap in theoretical
analysis between Vanilla GANs and Wasserstein GANs while addressing
the theoretical limitations of the former ones. By imposing a Lipschitz
condition on the discriminator class in (1), we recover Wasserstein
GAN-like behavior. As a main result, we can derive an oracle inequality
for the Wasserstein distance between the true data generating distri-
bution and its Vanilla GAN estimate. In particular, this allows us to
transfer key features, such as dimension reduction, known from the
statistical analysis of Wasserstein GANs. We show that the statistical
error of the modified Vanilla GAN depends only on the dimension of
the latent space, independent of the potentially much larger dimension
of the feature space X. Thus Vanilla GANs can avoid the curse of
dimensionality. Such properties are well known from practice, but
cannot be verified by the classical Jensen-Shannon analysis. On the
other hand the derived rate of convergence for the Vanilla GAN is
slower than for Wasserstein GANs which is in line with the empirical
advantage of Wasserstein GANS.

We then consider the most relevant case where the classes ¢ and D
are parameterized by neural networks. Using our previous results, we
derive an oracle inequality that depends on the network approximation
errors for the best possible generator and the optimal Lipschitz dis-
criminator. To bound the approximation error of the discriminator, we
replace the Lipschitz constraint on the networks with a less restrictive
Holder constraint. Building on Giihring, Kutyniok, and Petersen (2020),
we prove a novel quantitative approximation theorem for Lipschitz
functions using ReLU neural networks with bounded Holder norm. As
a result we obtain the rate of convergence n~*/2" o € (0,1), with
latent space dimension d* > 2 for sufficiently large classes of networks.
Additionally, our approximation theorem allows for an explicit bound
on the discriminator approximation error for Wasserstein-type GANs,
which achieve the rate n~%/4" a € (0, 1).

We use a simple illustrative example to assess the practical impli-
cations of our theoretical results. This example allows us to quantify
the rate depending on the number of observations, the dimension
reduction property, and the stabilizing effect of a Lipschitz-constrained
discriminator class.

Related work. The existence and uniqueness of the optimal generator
for Vanilla GANs is shown by Biau, Cadre, Sangnier, and Tanielian
(2020) under the condition that the class G is convex and compact.
They also study the asymptotic properties of Vanilla GANs. Puchkin,
Samsonov, Belomestny, Moulines, and Naumov (2024) have shown a
non-asymptotic rate of convergence in the Jensen—Shannon divergence
for Vanilla GANs with neural networks under the assumption that the
density of P* exists and that the generator functions are continuously
differentiable.

Neural Networks 181 (2025) 106770

In practice, however, the Rectifier Linear Unit activation function
(ReLU activation function) is commonly used (Aggarwal, 2018, p.13).
The resulting neural network generates continuous piecewise linear
functions. Therefore, the convergence rate of Puchkin et al. (2024)
combined with Belomestny, Naumov, Puchkin, and Samsonov (2023)
is not applicable to this class of functions.

The statistical analysis of Wasserstein GANs is much better under-
stood. Biau, Sangnier, and Tanielian (2021) have studied optimization
and asymptotic properties. Liang (2021) has shown error decomposi-
tions with respect to the Kullback-Leibler divergence, the Hellinger dis-
tance and the Wasserstein distance. The case where the unknown distri-
bution lies on a low-dimensional manifold is considered in Schreuder,
Brunel, and Dalalyan (2021) as well as Tang and Yang (2023). The
latter also derive minmax rates in a more general setting using the
Holder metric. Assuming that the density function of P* exists, Liang
(2017) has shown a rate of convergence in Wasserstein distance with
ReLU activation function with a factor growing exponentially in the
depth of the network. Theoretical results including sampling the latent
distribution in addition to dimension reduction have been derived
by Huang et al. (2022), who have also shown a rate of convergence
in a slightly more general setting (using the Holder metric) using ReLU
networks whose Lipschitz constant grows exponentially in the depth.
A rate of convergence using the total variation metric and leaky ReLU
networks has been shown in Liang (2021).

Convergence rates with respect to the Wasserstein distance have
been studied by Chen, Liao, Zha, and Zhao (2020) and Chae (2022).
Up to a logarithmic factor, optimal rates in the Holder metric were
obtained by Stéphanovitch, Aamari, and Levrard (2023) using smooth
networks. In a similar setting, Chakraborty and Bartlett (2024) dis-
cussed several methods for dimension reduction. Recently, Suh and
Cheng (2024) have reviewed the theoretical advances in Wasserstein
GANSs.

Ensuring Lipschitz continuity of the discriminator class is the es-
sential property of Wasserstein GANs. Lipschitz-constrained neural
networks and their empirical success are subject of ongoing research
((Khromov & Singh, 2024), in context of GANs see Than and Vu
(2021)). Implementations of the Lipschitz constrained discriminator
have
evolved from weight clipping (Arjovsky et al., 2017) to penalizing the
objective function (Asokan & Seelamantula, 2023; Gulrajani, Ahmed,
Arjovsky, Dumoulin, & Courville, 2017; Miyato, Kataoka, Koyama,
& Yoshida, 2018; Petzka, Fischer, & Lukovnikov, 2018; Wei, Liu,
Wang, & Gong, 2018; Zhou et al., 2019), which heuristically leads to
networks with bounded Lipschitz constants. Farnia and Tse (2018) use
an objective function that combines Wasserstein and Vanilla GANs.

Outline. In Section 2 we introduce the Vanilla GAN distance, which
characterizes the optimization problem (1). In Section 3, we investigate
the relation between the Vanilla GAN distance and the Wasserstein
distance. We show that the distances are compatible to each other while
not being equivalent. Using this relation, we derive an oracle inequality
for the Vanilla GAN in Section 4, where ¢ is a nonempty compact set
and D is a set of Lipschitz functions. We show that Vanilla GANs can
avoid the curse of dimensionality. In Section 5 we consider the situation
where G and D consist of neural networks. Here we relax the Lipschitz
condition to a a-Holder condition and prove a quantitative result for
the approximation of a Lipschitz function by a feedforward ReLU
network with bounded Holder norm. We then prove a convergence
rate for the Vanilla GAN with network generator and discriminator. In
Section 6 we obtain a convergence rate for Wasserstein-type GANs with
network generator and discriminator using our approximation result.
This enables us to compare Vanilla GANs directly to Wasserstein GANs.
In Section 7 we illustrate our theoretical results in a numerical example
based on synthetic data. All proofs are deferred to the Appendix.
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2. The Vanilla GAN distance

Let us first fix some notation. We equip R? with the #,-norm |x|,,
1 < p £ o, denote the number of nonzero entries of a k X | matrix A,
where k,I € N, by |Al,0 := [{(i,)): A;; # 0}], and define the ceiling of
x € R as [x] :=min{k € Z | k > x}. For ease of notation we abbreviate
for x € (0, )

[x]51/2 = max{x, \/;}. 3)

For 2 c R? and f: 2 — R we define Ifleo.0 := ess sup{|f(x)] :
x € 2}. We denote the set of bounded Lipschitz functions by

|f) — fD)I

Lip(L. B.2) i={ /2 > B| I/ la S B, 0
P

<L/ x,ye }
The set of unbounded Lipschitz functions is abbreviated by Lip(L, 2) :=
Lip(L, 0, ). By Rademacher’s theorem, a Lipschitz function is differ-
entiable almost everywhere. For a € (0, 1] we define the a-H6lder norm
by

1/ 30y = max{||f||°o’ ess sup M}

X,yEQ |X - ylz

4

and the «-Holder ball of functions with Holder constant less or equal
than I' > 0 as

HOL2) o= {f: 2 > R | I lhee) < T'}- ®)

In particular, Lip(L, B, Q) C H*(max(L,2B),£2) for any a« € (0,1). We
omit the domain £ in our notation if 2 = (0, 1)?.

We observe i.i.d. samples X, ..., X,, ~ P* with values in X := (0, 1)?.
On another space Z := (0,1)?", called the latent space, we choose a
latent distribution U. Unless otherwise specified, X ~ P* and Z ~ U.
We further assume that P* and U have finite first moments. Throughout,
the generator class G is a nonempty set of measurable functions from Z
to X. For G € G the distribution of the random variable G(Z) is denoted
by PC(D),

Typically the discriminator class consists of functions mapping to
R concatenated to a sigmoid function that maps into (0, 1) to account
for the classification task. This is especially the case for standard
classification networks. The most common sigmoid function used for
this purpose is the logistic function x — (1 4+ ¢¥)~!, which we fix
throughout. Together with a shift by log4, we can rewrite the Vanilla
GAN optimization problem (1) as

inf Vyy (P, PE) (6

in terms of the Vanilla GAN distance between probability measures P
and Q on X

-W(X) W)
Viy(@P,Q) := sup Ex.p [—log(l+e )—10g<1+e )] )
Wew Y~Q 2 2

where W is a set of measurable functions W : X — R. Aslong as 0 € W,
we have that V,y > 0.

To choose the generator G, as the empirical risk minimizer, the
unknown distribution P* in (6) must be replaced by the empirical
distribution P, based on the observations X, ..., X,. In practice, the
expectation with respect to Z ~ U is replaced by an empirical mean too,
which we omit for the sake of simplicity. Along Huang et al. (2022),
the next and all subsequent results easily extend to the corresponding
setting.

The following error bound in terms of the Vanilla GAN distance
provides an error decomposition for the empirical risk minimizer of the
Vanilla GAN.

Lemma 2.1. Assume that G is chosen such that a minimum exists. Let W
be symmetric, that is, W € W implies —-W € W. For

G, € argmin Vy,(P,, PY?) (8)
Geg
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we have that
n

sip LS (wx)-Ew0)). ©)

V(P PGD) < min V,, (P, PEP)+2
Geg WeLip(Dow 1 1=}

The first term in (9) is the error due to the approximation capabili-
ties of the class ¢. The second term refers to the stochastic error due to
the amount of training data. As W is symmetric, the stochastic error
is non-negative. Both error terms depend on the discriminator class
W. Large discriminator classes lead to finer discrimination between
different probability distributions and thus to a larger approximation
error term. Similarly, the stochastic error term will increase with the
size of W. The cost of small classes W is a less informative loss function
on the left side of (9).

If W is the set of all measurable functions, the analysis by Good-
fellow et al. (2014, Theorem 1) shows that the Vanilla GAN distance
is equivalent to the Jensen-Shannon distance. Arjovsky and Bottou
(2017) have elaborated on the theoretical and practical disadvantages
of this case. Similar to the Total Variation distance or the Hellinger
distance, the Jensen-Shannon divergence is not compatible with high-
dimensional settings because it cannot distinguish between different
singular measures. Therefore, we need a weaker distance and thus
restrict W.

The key insight of Wasserstein GANs (2) is that this particular draw-
back of the Jensen-Shannon distance can be solved by the Wasserstein
distance. The latter is a metric on the space of probability distribu-
tions with finite first moment and meterizes weak convergence in this
space (Villani, 2008, Theorem 6.9). Let P and Q be two probability
distributions on the same measurable space (€2, A), the Wasserstein-1
distance is defined as
W,(P,Q) := sup Ex [W(X)-W(¥)] =

WeLip(l)  Y~Q
W (0)=0

sup Ex-e [W(X)-W(Y)]. (10)
WeLip(l) Y~Q
Bounds for weaker metrics, such as the Kolmogorov or Levy metric,
can be easily derived from the bounds in the Wasserstein metric under
weak conditions, see e.g. Gibbs and Su (2002).

Therefore, we choose W = Lip(L) for some L > 1 in Lemma 2.1. In

this case the following result shows that the existence of an empirical
risk minimizer is guaranteed as soon as G is compact.

Lemma 2.2. Assume G is compact with respect to the supremum norm. The

map T: G — Rzo:

T(G) := Wipu)(P,.P®) is continuous and arg minV;,p,(P*,PC) is
4

nonempty.

Hence, we throughout assume the following:

Assumption 1. G is compact with respect to the supremum norm.

In the context of neural networks the compactness assumption is
satisfied for all practically relevant implementations. Furthermore, it
should be noted that the aforementioned assumption is only required
for the use of the minimizing argument.

3. From Vanilla to Wasserstein and back

Our subsequent analysis builds on the following equivalence result
between the Vanilla GAN distance and the Wasserstein distance with
an additional L?-penalty term on the discriminator.

Theorem 3.1. For L >2 and B > 0 we have for probability measures P
and Q on X

L(L-1

sup {EM W) - wy - 2D
WeLip(1,B') Y~Q 2

W ()>—log2—-2/L)

Vi@ Q< sup | Exr VOO - W]
W eLip(L.B) Y~Q
W (-)>—log(2)

Ex oW (X1}
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eB

- mEX~Q[W(X)2] }

where B’ = log((1 + ¢5)/2).

Theorem 3.1 reveals that the Vanilla GAN distance is indeed com-
patible with the Wasserstein distance and will allow us to prove rates
of convergence of the Vanilla GAN with respect to the Wasserstein
distance. In doing so, we need to investigate the consequences of
the penalty term. An upper bound without the penalty term and
independent of B can be shown as in the proof of Theorem 3.2. For
the lower bound, a similar improvement cannot be expected in general
as indicated in Example 3.3. However, the restriction to Lip(1, B’) has
far less severe consequences than the corresponding restriction in the
upper bound.

We can deduce from Theorem 3.1 that the Vanilla GAN distance
is bounded from above and below by the Wasserstein distance or the
squared Wasserstein distance, respectively.

Theorem 3.2. Let L > 2 and B € [1, ]. For probability measures P and
Q on X we have

min( & Wy, @), ;W1 (P, Q0 ) < Vi) (P Q) < LW, (P, Q),

_ 1log(2-2/L)
)

1 1 . .
where ¢, T andCQ:Wm, setting 1/p =0 if p = co.

The assumption L > 2 is not very restrictive. In practically relevant
cases, such as neural network discriminators, the Lipschitz constant
is typically quite large. A higher Lipschitz constraint on the discrim-
inator will subsequently result in a less stringent constraint on the
neural network. However, an arbitrarily large Lipschitz constant is also
undesirable, as the upper bound grows linearly in L.

More importantly, we observe a gap between W, (P, Q)? in the lower
bound and W, (P, Q) in upper bound when W, (P, Q) < 1 which is a con-
sequence of the penalty term in Theorem 3.1. The following example
indicates that this loss is unavoidable, by restricting the discriminator
class to a subset of Lip(L).

Example 3.3. For &,y > O,y +¢ < 1let P = (5, + §,,,) and
Q= %(50 + 6,). The Wasserstein distance is then given by

Wi (P,Q) =y.

We consider the Vanilla GAN distance using L-Lipschitz affine linear
functions as discriminator, V,_,,(P,Q), with a,b € R and |a| < L. Note
that the class of affine linear functions can be represented by one layer
neural networks (for a definition see Section 5). The optimal b can
be calculated explicitly, the optimal a can be determined numerically.
Using the optimal slope a and b we obtain for y <¢, € = i and a > 16

2
W@ Q)" Vo ®.Q) <a- W (R.Q7

If y > ¢, then the optimal « is a = L and
log(2) - Wi(P,Q) < V,.4,(P,Q) < a- W (P,Q).

See Appendix A.7 for more details on these calculations.

Wasserstein GANs, where the generator is chosen as the empir-
ical risk minimizer of the Wasserstein distance (10), achieve opti-
mal convergence rates (up to logarithmic factors) with respect to the
Wasserstein distance as proved by Stéphanovitch et al. (2023), see
also Section 6. In view of Theorem 3.2 we cannot hope that Vanilla
GANs achieve the same rate even if we use a Lipschitz discriminator
class. This is in line with the better performance of Wasserstein GANs
in practice. However, Theorem 3.2 allows us to study the behavior
of Vanilla GANs in settings where the dimension of the latent space
is smaller than the dimension of the sample space, a setting that is
excluded in all previous works on convergence rates for Vanilla GANs.
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4. Oracle inequality for Vanilla GANs in Wasserstein distance

Our aim is to bound the Wasserstein distance between the unknown
distribution P* and the generated distribution P6x(?) using the em-
pirical risk minimizer G, of the Vanilla GAN. The following oracle
inequality shows that imposing a Lipschitz constraint on the discrimi-
nator class does circumvent the theoretical limitations of Vanilla GANs
which is caused by the Jensen-Shannon distance. Recall notation (3).

Theorem 4.1. Let L > 2 and B € [1, oo]. For the empirical risk minimizer
G, from (8) with W = Lip(L, B) we have

W, (P*, POn(2)y < c[énfgwl(ﬁ»*,IPG(Zh]1"/2 + 1+ oW, @, P52, 11)
€
for some constant ¢ > 0 depending on d, p and L.

Note that the discriminator class Lip(L, B) admits no finite dimen-
sional parameterization and is therefore not feasible in practice. We will
return to this issue in Section 5. The terms in (11) can be interpreted
analogously to the interpretation of the bound in Lemma 2.1, but
here we have an oracle inequality with respect to the Wasserstein
distance. The first term is the approximation error. It is large when
G is not flexible enough to provide a good approximation of P* by
P9 %) for some G € G. The second term refers to the stochastic error.
With a growing number of observations the empirical measure P,
converges to P* in Wasserstein distance, see Dudley (1969), and thus
the stochastic error converges to zero. Together with the bounds on
W, (P,,P*) by Schreuder (2020) we conclude the following:

Corollary 4.2. Let L > 2,B € [1,00]. The empirical risk minimizer Gn
from (8) with W = Lip(L, B) satisfies for some constant ¢ > 0 depending
ond,p and L that

£ PCUDY] < ; { « DG (Z)\11:1/2 . o 1;1/2}
E[W, (P*, P’ )]_G‘I:an—vY c[W, (P, P” )] +C[gél; IG - G*|l]

n1/2d d>?2,
+c{n*logn)'/?, d=2,
nl/4 d=1,

where the infimum is taken over all Borel measurable functions G* : Z — X.

If there is some G* such that P* = PS" (%), which is commonly
assumed in the GAN literature, see e.g. Stéphanovitch et al. (2023),
the first term vanishes and the approximation error is bounded by
infgeglllG — G*||l;1/ %). In the bound of the stochastic error we ob-
serve the curse of dimensionality: For large dimensions d the rate of
convergence n~'/24 deteriorates.

To allow for a dimension reduction setting, we adopt the miss-
specified setting from Vardanyan, Minasyan, Hunanyan, Galstyan, and
Dalalyan (2023, Theorem 1). In this scenario we can conclude statistical
guarantees for Vanilla GANs that are comparable to the results obtained
for Wasserstein GANs by Schreuder et al. (2021, Theorem 2). In view
of Theorem 3.1 we expect a slower rate of convergence compared to
Wasserstein GANs.

Theorem 4.3. Let L > 2,B € [l,00] and M > 0. The empirical risk
minimizer G, from (8) with W = Lip(L, B) satisfies

EW, B PHO) < int LW B BT O o clint (16 - 67

G*eLip(M,2)
n—l/Zd*’ d* > 2,
+cinVilogn)l/?, d* =2,
/4, d* =1,

or some constant ¢ depending d*,d,p, L and M.
D g

The Wasserstein distance W, (P% (9, P*) now includes an error due
to the dimension reduction while the stochastic error is determined by
the potentially much smaller dimension d* < d of the latent space.
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Compared to Corollary 4.2, the only price for this improvement is the
additional Lipschitz restriction on G*. We observe a trade-off in the
choice of d*, since large latent dimensions reduce the approximation
error for P*, but increase the stochastic error term. Additionally, there
is a trade-off in M. A larger constant M results in a smaller value of
W, (P*,PS"(2)), but increases the constant c. If the unknown distribution
P* is supported on a lower dimensional subspace and there exists a
G* € Lip(M, Z) such that PO"(?) = P*, then the rate of convergence is
solely determined by the dimension d* of Z. This is true for the smallest
possible d* for which a perfect G* exists, as well as any d** larger than
d*.

In many applications, the smallest possible d* is unknown. Theo-
rem 4.3 covers both over- and underestimation of the true dimension
of the lower dimensional subspace. If the choice of d* is too small, then
Wl(]P’*,]P’G*(Z)) might not converge to 0, but the stochastic error still
converges with the smaller rate d*. If d* is selected to be larger than
the dimension of the lower dimensional subspace, then there could be
a G* € Lip(M, Z) such that W, (P*,P9"(9)) = 0, but the stochastic rates
converges only with rate d*. In the special case that a function G* €
Lip(M, Z) exists such that W, (P*, PG (©)) = ( the rate n~'/24" is slower
to the rate n=!/4" obtained for the Wasserstein GAN by Schreuder et al.
(2021). This is in line with Theorem 3.2 and Example 3.3.

However, Theorem 4.3 reveals why Vanilla GANs do perform well
in high dimensions in the setting of an unknown distribution on a
lower dimensional manifold. This phenomenon could not be explained
in previous work on Vanilla GANs. Puchkin et al. (2024) and Biau et al.
(2020) both obtain rates in the Jensen—Shannon distance.

5. Vanilla GANs with network discriminator

In practice, both ¢ and D are sets of neural networks. Our conditions
on the generator class ¢ are compactness and good approximation
properties of some G* which is chosen such that P¢* (%) mimics P*. Since
neural networks have a finite number of weights, and the absolute value
of those weights is typically bounded, the compactness assumption is
usually satisfied and neural networks enjoy excellent approximation
properties, cf. DeVore, Hanin, and Petrova (2021).

The situation is more challenging for the discriminator class. So
far, D was chosen as the set of Lipschitz functions concatenated to
the logistic function. The Lipschitz property is crucial for proof of
Theorem 4.1 and thus for all subsequent results.

Controlling the Lipschitz constant while preserving the approxima-
tion properties is an area of ongoing research and is far from trivial.
Without further restrictions on the class of feedforward networks, the
Lipschitz constant would be a term that depends exponentially on the
size of the network, see Liang (2017, Theorem 3.2). Bounding the
Lipschitz constant of a neural network is a problem that arises naturally
in the implementation of Wasserstein GANs. Arjovsky et al. (2017) use
weight clipping to ensure Lipschitz continuity. Later, other approaches
such as gradient penalization (see Gulrajani et al. (2017), which was
further developed by Wei et al. (2018), Zhou et al. (2019)), Lipschitz
penalization (Petzka et al., 2018), or spectral penalization (Miyato
et al., 2018) were introduced and have achieved improved performance
in practice.

To extend the theory from the previous section to neural network
discriminator classes, we first generalize Theorem 4.1 from W =
Lip(L, B) to subsets W C Lip(L, B). As a result there is an additional
approximation error term that accounts for the smaller discriminator
class.

Theorem 5.1. Let L > 2, B € [1,]. The empirical risk minimizer G‘,,
from (8) with W C Lip(L, B) satisfies

]1;1/2

W, (P*, POy < c[inf W, (P*, P9 2 4clint osup W —WIl,
€

W'eW w eLip(L,B)

+ew, @, P,
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for some constant ¢ > 0 depending on d,p and L.

The approximation error of the discriminator depends on the supre-
mum norm bound B of the functions in W. While the statement remains
true for B = oo, when approximating the set Lip(L, B), this bound will
be essential. To apply this result, we must ensure that the Lipschitz
constant of a set of neural networks W is uniformly bounded by
some constant L. Adding penalties to the objective function of the
optimization problem does not guarantee a fixed bound on the Lipschitz
constant. Approaches such as bounds on the spectral or row-sum norm
of matrices in feedforward neural networks ensure a bound on the
Lipschitz constant, but lead to a loss of expressiveness when considering
ReLU networks, even in very simple cases such as the absolute value,
see Huster, Chiang, and Chadha (2019) and Anil, Lucas, and Grosse
(2019). On the other hand, Eckstein (2020) has shown that one-layer
L Lipschitz networks are dense (with respect to the uniform norm) in
the set of all L Lipschitz functions on bounded domains. While this
implies that the discriminant approximation error converges to zero for
growing network architectures, the density statement does not lead to
a rate of convergence that depends on the size of the network.

Anil et al. (2019), motivated by Chernodub and Nowicki (2016),
have introduced an adapted activation function, Group Sort, which
leads to significantly improved approximation properties of the result-
ing networks. They show that networks using the Group Sort activation
function are dense in the set of Lipschitz functions, but there is no
quantitative approximation result. A discussion of the use of Group Sort
in the context of Wasserstein GANs can be found in Biau et al. (2021).

To overcome this problem, we would like to approximate not only
the optimal discriminating Lipschitz function from the Wasserstein op-
timization problem in the uniform norm, but also its (weak) derivative.
This would allow us to keep the Lipschitz norm of the approximat-
ing neural network bounded. For networks with regular activation
functions (Belomestny et al.,, 2023) have studied the simultaneous
approximation of smooth functions and their derivatives. Giihring et al.
(2020) have focused on ReLU networks and have derived quantitative
approximation bounds in higher order Holder and Sobolev spaces.
As an intrinsic insight from approximation theory, the regularity of
the function being approximated must exceed the regularity order of
the norm used to derive approximation bounds. Therefore, we cannot
expect to obtain quantitative approximation results for ReLU networks
in Lipschitz norm without assuming the continuous differentiability of
the approximated function.

Unfortunately, the maximizing function of the Wasserstein opti-
mization problem is in general just Lipschitz continuous. Since we
cannot increase the regularity of the target function, we instead relax
the Lipschitz assumption of the discriminator in Theorem 5.2 to a-
Holder continuity for ¢ € (0,1). This generalization in the context of
Wasserstein GANs has recently been discussed by Stéphanovitch et al.
(2023). Recall the definition of the Hoélder ball from (5).

Theorem 5.2. Let L > 2,B € [1,00), I' > max(L,2B) and M > 0. The
empirical risk minimizer Gﬂ from (8) with W C H*(I') satisfies

]E[WI(IP*,]Pén(Z))] < inf {C[igré‘;”G* _ G”:o]l;l/Z + C[Wl(P*’PG«(Z))a]I;I/Z}

T G*eLip(M,Z2)
. % 1;1/2
+c[1nf sup  ||W-W ||m]
WEW p«eLip(L,B)
pma/2d" 2a < d*,
+ c3in~V4(logn)'?, 2a=d*,
n~1/4, 2a > d*,

for some constant ¢ depending on d*,d,p, L,M and I.

The lower bound on the Holder constant of the discriminator class
W is not overly restrictive when employing neural networks for this
function class. Since c is increasing in I', it is advantageous to control
the value of I'.
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It remains to show that there are ReLU networks that satisfy the
assumptions of Theorem 5.2. To this end, we build on and extend the
approximation results by Giihring et al. (2020).

To fix the notation we give a general definition of feedforward
neural networks. Let d,K, N|,..., Ny € N. A function @ : RY - R is
a neural network with K layers and N, + --- + N neurons if it results
for an argument x € R from the following scheme:

Xg =X,
xp =0 (Agx_y +b), fork=1,...,K—1, 12)
D(x) =xg = Agxg_1 + by,

where for k € {1,...,K}, A, € RVoNe-1 and b, € RM. 6: R > R

is an element-wise applied arbitrary activation function. The number
. o K

of nonzero weights of all A;, b, is given by Z/.:] (lA,-lfo + |bj|f0). We

focus on the ReLU activation function o(x) = max(0, x).

Theorem 5.3. Let L,B > 0, and 0 < a < 1. Then there are constants

C’,C",C" > 0 depending on d, L,a and B with the following properties:

Foranye € (0,1/2)and any f € L1p(L B), there is a ReLU neural network

@, with no more than [C'log,(e 1- u)] layers, [C”e i log (e 1= u)]
d 1

nongero weights and [C""e™ 7=« (logz(e )V logy (e~ = ))] neurons such

that

|

Since there are many different reasons why controlling the Holder
constant of neural networks is interesting (with stability probably being
the most prominent one), Theorem 5.3 is of interest on its own. Com-
bining Theorems 5.2 and 5.3 with a standard approximation result for
the generator approximation error, such as Yarotsky (2017, Theorem
1), leads to a rate of convergence. The networks in § approximating
the function G* € Lip(M, Z) are only required to be measurable without
any additional smoothness assumption.

<e¢ and &, € H*(max(L,2B) +¢).
o

24*

Corollary 5.4. ForO<a <1, I'>5 M >0,d* >2aandn > 2«
choose G as the set of ReLU networks with at most [c - log(n)] layers,
[c-nlog(n)] nonzero weights and [c - nlog(n)] neurons gnd W' as the set of
ReLU networks withaat most [c - log(n)] layers, [c - nZ1- log?(n)] nonzero

weights and [c - nX0-o log?(n)] neurons, where ¢ is a constant depending
ond,d*,I',M and a. Then the empirical risk minimizer Gn from (8) with
W =W nH*T) satisfies

E [Wl (P*,pén(l))] Seon M g 1172

Cinf W (P, PSP
G*eLip(M,Z)

From Theorem 5.3 we know that the set W' n H*(I') of ReLU
networks of finite width and depth is nonempty. In practice, this cor-
responds to a discriminator network with a controlled Holder constant.
On a bounded domain, any Lipschitz function is a Holder function.
Corollary 5.4 shows that Vanilla GANs with a Hoélder regular discrim-
inator class are theoretically advantageous. The Holder parameter a
can be chosen arbitrarily close to one. On the one hand this reveals
why a Lipschitz regularization as implemented for Wasserstein GANs
also improves the Vanilla GAN. An empirical confirmation can be found
in Zhou et al. (2019) and Section 7. On the other hand the corollary
then requires more neurons in the discriminator than in the generator
class which coincides with common practice.

The width of the generator networks in Corollary 5.4 can be im-
proved by replacing G* € Lip(M, Z) by with G* € C"'(2),n € N,
whose (n — 1)-th derivative is Lipschitz continuous with Lipschitz con-
stant M. Once more, this results in a trade-off, as [W, (P*, P¢"(?))?] ti1/2
increases when G* is selected from a smaller set of functions.

6. Wasserstein GAN

The same analysis can be applied to Wasserstein-type GANs. The
constrained on the Holder constant can be weakened, as we do not need
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Theorem 3.2. Note that this does not impact the rate, but the constant.
Define the Wasserstein-type distance with discriminator class W as

Wy (P, Q) = sup Ex-p [W(X)—-W(X)].

wWew Y~Q

The following theorem shows that by using Holder continuous ReLU
networks as the discriminator class, Wasserstein-type GANs can avoid
the curse of dimensionality. Furthermore, this avoids the difficulties
arising from the Lipschitz assumption of the neural network, as pointed

out by Huang et al. (2022).

Theorem 6.1. ForO<a <1, ' >1,M >0and d > 2a and n > 2%
choose G as the set of ReLU networks with at most [c - log(n)] layers,
[c-nlog(n)] nonzero weights and [c - nlog(n)| neurons c}nd W' as the set of
ReLU networks Wit[}ll at most [c - log(n)] layers, [c - n(-® log?(n)] nonzero
weights and [c - n0-o log?(n)] neurons, where ¢ is a constant depending on
d,d*,I', M and a. The empirical risk minimizer with W = W' n H*(I')

G,, € argmin WW(]P’,,,IP’G(Z))
Geg

satisfies

E[Wl(P*JP’GA"(Z))] <con T + W, (P*, PG @),

inf
G*eLip(M,2)

Compared to Corollary 5.4 the rate improves to n~%/¢" for any a < 1.
The number of observations necessary for the theorem to hold, the size
of the discriminator network and the lower bound for I" decrease. Note
that I does not effect the rate, but the constants. In case there exists
a G* such that W, (P*, P9"(9)) = (, this upper bound coincides with the
lower bound in Tang and Yang (2023, Theorem 1) up to an arbitrary
small polynomial factor.

Our rate does not depend exponentially on the number of layers
like the results of Liang (2017), Huang et al. (2022) and we use non-
smooth simple ReLU networks compared to smooth ReQU networks
in Stéphanovitch et al. (2023) or group sort networks in Biau et al.
(2021).

7. Numerical illustration

The results in Sections 5 and 6 were obtained under the assumption
that the discriminator class consists of Lipschitz networks. In the con-
text of image generation, these findings align with the results of Zhou
et al. (2019), Miyato et al. (2018), Kodali, Abernethy, Hays, and Kira
(2017), and Fedus et al. (2017). Furthermore, Fedus et al. (2017)
demonstrated in a two-dimensional experiment that a Vanilla GAN with
a gradient penalty (and, consequently, a lower Lipschitz constant) can
be effective in scenarios where the measures P* and P¢?) are singular.

This section presents a transparent and accessible example that
confirms our theoretical findings and especially demonstrates how
imposing a Lipschitz constant on the discriminator stabilizes the Vanilla
GAN. Additionally, it demonstrates the capacity of the Vanilla GAN
to detect a lower dimensional manifold. In order to monitor rates
of convergence, it is necessary to at least approximately evaluate
WI(P*,Pén(z)). Therefore, we study the numerical performance of the
Vanilla GAN in a simulation setting, where the true data distribution is
known by construction.

In this work, the Wasserstein distance is employed as the metric
for measuring the rate of convergence. In practice, the Wasserstein
distance is only computable in the one-dimensional case. To investigate
multivariate distributions, we approximated the Wasserstein distance
by averaging the Wasserstein distance on the marginals.

In order to model the distribution P* of a lower dimensional mani-
fold, we employed a one-dimensional uniform distribution on the graph
of the function x ~ sin(4xx) on the diagonal of the two-dimensional
unit cube, resulting in a three-dimensional distribution. For the latent
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(c) Step 30000, 100 obs.

1.0
0.5
0.0

-0.5
-1.0

10

0.6
0.4

0.0
0.2
0.4

0.6 0.2

0.8

1.0 0.0

(f) Step 30000, 1000 obs.

Fig. 1. Training of Vanilla GAN with weight clip using 100 observations (first row) or 1000 observations (second row). Red dots show 1000 generated samples, green dots show

the observations used for the training. The blue line is the one-dimensional manifold.

distribution, we used the one-dimensional normal distribution. Conse-
quently, the dimensions of the lower dimensional manifold and the
latent space are identical.

For the discriminator, we used a neural network with four layers
of width 128 concatenated to a sigmoid function. For the generator,
we used a neural network with three layers of width 64. In order to
preserve as much alignment as possible with the theoretical result, we
used plain ReLU activations. Each training consisted of 30000 training
iterations. We used the Adam optimizer (Kingma & Ba, 2014) with
parameters f; = 0.9 and f, = 0.999, and a learning rate of y = 0.0005.
When the number of observations exceeded 512, we used minibatches
of that size in each iteration. We updated generator and discriminator
alternating.

Three snapshots of the training of the Vanilla GAN for samples sizes
n =100 and n = 1000 are given in Fig. 1, respectively. The difference
between Figs. 1(c) and 1(f) is solely due to the number of observations.
The observations in Figs. 1(a) to 1(c) cover the manifold to a lesser
extent than the observations in Figs. 1(d) to 1(f). This corresponds to a
larger stochastic error.

To maintain the Lipschitz constant within a controllable range, we
implemented the simple weight clipping mechanism of Arjovsky et al.
(2017), limiting each weight to a value of 0.5. It is important to note
that the network used in the unclipped case is also Lipschitz continuous,
however, we do not have control over this Lipschitz constant. Given the
width and depth parameters used in this study, it is evident that the
Lipschitz constant of the clipped network remains relatively high and
is considerably distinct from the theoretical value typically employed
in Wasserstein GANs. However, a smaller Lipschitz constant requires
an adjustment to the learning rate. Otherwise the weights are likely to
remain at their maximum absolute value. This affects the experiment
in several other ways. To ensure a fair and accurate comparison be-
tween the clipped and unclipped scenarios, we kept the learning rate
consistent.

The results are summarized in Fig. 2. As predicted by our theory,
the averaged marginal Wasserstein distance between the generated dis-
tribution and the true data distribution decays approximately as n~!/2
for n € {10, 100, 1000}. While we see a clear improvement with 10,000
observations, the additional gain is limited by the optimization error,
since the manifold is already densely covered for 1000 observations.

It is apparent that controlling the Lipschitz constant overall stabi-
lizes the training process, resulting in less variability in the results.
In certain cases, the GAN without weight clipping can achieve the
same level of effectiveness. This does not negate the outcome. Since
the discriminator without clipped weights is still Lipschitz continuous
(with a large Lipschitz constant), the theoretical limitations of Vanilla
GANs without restricted discriminator classes do not directly translate
to practice. This, combined with the finite nature of the implementa-
tions, ultimately resulted in the empirical success of these models. The
variability between different simulation runs is described by the first to
the third quartile in Fig. 2 which again confirms a more stable behavior
of the clipped algorithm.

Fig. 3 demonstrates the high degree of precision with which the
generated samples concentrate on the low-dimensional support of the
true data distribution. Our experiments show that this concentration
holds true across all sample sizes and can be observed in both the
clipped and unclipped case. However, a high concentration does not
necessarily indicate that the generated distribution is an accurate im-
itation of the unknown distribution with respect to the Wasserstein
distance. Consequently, Fig. 3 is only informative in conjunction with
Fig. 2.

Additionally, we investigated the use of a space U of the same
dimension as the ambient space. Our observations indicated that the
Vanilla GAN is still capable of identifying the lower dimensional sub-
space with reasonable efficacy.
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Fig. 2. Marginal W, distance depending on number of observations. Thick line shows the average over 50 independent runs, ribbons show the first to third quartile.
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Fig. 3. Percentage of generated samples with euclidean distance to manifold greater than e using 1000 observations and a discriminator with 0.5 clip. Transparent lines show the

individual runs, thick line shows the average over 50 runs.

8. Discussion and limitations

Our analysis demonstrates that GANs originally built on too sensi-
tive distribution distances, such as the Jensen-Shannon distance, can
be improved by a Lipschitz constraint in the discriminator class. This
insight might also be applicable to other GANSs, e.g. f-GANs of Nowozin
et al. (2016), which rely on a divergence that cannot discriminate
between different singular distributions and thus is not suitable for a
dimension reduction setting. Overall, we conclude that the choice of
the discriminator class is much more important for the data generation
capabilities than the choice of the loss function, which is typically
dictated by some distance. Moreover, our analysis of the discrimina-
tor approximation error is not limited to Vanilla GANs, but is also
applicable to optimal transport based GANs as demonstrated for the
Wasserstein GAN.

There are several potential avenues for further development of the
results presented in this paper. In particular, these include the above-
mentioned potential implications for other types of GANs. While our
analysis was limited to feedforward ReLU networks, one advancement
in neural network research is the use of more sophisticated network
architectures whose statistical analysis is not yet settled. In the context

of Wasserstein GANSs, see for example Radford, Metz, and Chintala
(2015).

Furthermore, the inclusion of a bound on the Lipschitz constant
(and not only the Holder constant) would enable a direct application
of Theorem 5.1, thereby eliminating the need to include the parameter
a and thus improving the rates. Additionally, it would be interesting,
whether there are conditions that allow for a faster rate of conver-
gence for the Vanilla GAN in some cases (excluding scenarios as in
Example 3.3).

The experiments also demonstrated that the GAN is capable of
detecting data from a lower dimensional manifold if the latent space
is of the same dimension as the ambient space. The proof of The-
orem 4.3 is contingent upon the dimension of the latent space. If
the dimension of the latent space is chosen to be too small, then
inf Grcpipo,z) Wi (P*, PO @) will be large. If the dimension of the la-
tent space is chosen too large, infg.epip.z) W1 @, P9 @) does not
deteriorate, but the corresponding rate depends on the higher latent
dimension. Therefore rates that are adaptive to the unknown intrin-
sic dimension, potentially benefiting from results like Berenfeld and
Hoffmann (2021), would be interesting.

Bounds in other distances suitable for dimension reduction are
also of high interest. For example, the Wasserstein-2 metric is slightly
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stronger than the Wasserstein-1 metric (in the sense that W; < W,,
see Villani (2008, Remark 6.6)). Our proofs rely on the duality of the
Wasserstein-1 distance, hence they cannot be translated directly to the
Wasserstein-2 distance.

Finally, the objective of this study was to examine statistical per-
spectives, and thus, the optimization problem was not addressed. In the
proofs, we employ the global minimizer and maximizer. Since we face a
non-convex optimization problem, gradient based methods may suffer
from a considerable optimization error, especially for high-dimensional
parameter spaces. Incorporating this optimization error would be more
consistent with real-world scenarios.
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Appendix

A.1. Proof for Section 2

Proof of Lemma 2.1. Let X ~P*, X ~ P, and Z ~ U. The symmetry of
W and the Lipschitz continuity of x — log(l +e™) yields for any G € G

Vi (P*, POn(2))

1+ VX 14 WD 14 WD
- g [ (L) (L) (L
wew 2 2
1+ W (Gu(2)
- log( 2 ) ]

< sup E[-log(1+ WX 4 log(l + e_WO?))] + VW(IPn,[PG,z(Z))
wew

< sup E[log(l + ¢ ") 4 log(1 + W) 4 vy, (P, PO@)
wew

= sup E[-log(l + e WX +log(1l + e‘W(X))]
wew

+ sup E[—log(1 + e X)) 4 log(1 + e W X))] 4 v, (P*, PO2D))
wew

<2 sup  E[W(X) = W)+ V(P PYD),

W eLip(1)oW

The bound for G, from (8) follows since G € G was arbitrary. []

Proof of Lemma 2.2. Let (G,),en € G be a sequence that converges to
G € G. If Vi) ¥, POD) > Vo (P*, PO(D), then

Vi) P POy _ Vi) P PGn(2)y

1+e—W(Gn(Z>>) oo L WO
) ()]

< s E[l (
< sup og ) )

WeLip(L)

< sup E[W(G,2)-WG@)
WeLip(L)

< LG, = Gll-

The case Vi) (P*,PY?)) < Vi) (P*,P9(?) can be bounded analo-
gously. Therefore, T is continuous and there is at least one minimizer
if G is compact. []
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A.2. Proofs for Section 3

Before we prove the main results from Section 3 we require an
auxiliary lemma:

Lemma A.1. For X ~P and Y ~ Q and an arbitrary set of measurable
functions W we have that

VP, Q) < sup E[- log(l + e_W(X)) + log(l + e_W(Y))].
wew

Proof. Since
log(1 + e*) +log(1 + ™) > log(4) forall x e R,
we can bound
sup ]E[— log(1 +e_W(X)) —log(1 +eW(Y))]
wew
= sup E[ - log(l + e_W(X>) + log(l + e‘W(Y))
wew
— log(1+e™ V™) —log(1+ " 1)]
< sup E[-log(1+e W) +log(1+e W)
wew
- i W) W)
I/‘}IéfWIE[log(l+e )+log(l+e )]

< sup E[— log(l + e_W(X)) + log(l + e_W(Y))] —log4). O
wew

Proof of Theorem 3.1. Defining
14+e™> )
) ,

v:R->R, ykx) = —log(
we can rewrite

Vipwn® Q= sup  Ely(W (X)) +y (W)

WeLip(L,B)
The function f : [-log(2 —2/L),0) —» R, f(x) = log(2e* — 1) is bijec-
tive and Lipschitz continuous with Lipschitz constant L and satisfies
w(—f(x)) = x for all x > —log(2 — 2/L). Therefore, we obtain a lower
bound

Viip,py @ Q) = sup
WeLip(1log((1+¢8)/2))
W ()2~ log2-2/L)

Ely(f (W (X)) - W(Y)].

Ely(f(W X)) +w(—f(WT))]

= sup
WeLip(1,B')
W ()2—log(2-2/L)

Since f~! € Lip(1,R), we can estimate Viip(z,p) from above by

Vipe®Q = sup  Ely(f(f WO +w(=f (T W@
W eLip(L.B)

sup  Ely (f (W (X)) +y(—f(WT)))]
WeLip(L.B)
W (>~ log(2)

IN

Ely (f(W (X)) - W(Y)].

= sup
W eLip(L,B)
W()>-log(2)

A Taylor approximation at zero of the function wo f(x) = log(2 — e™¥)
yields that for every x € (—1log(2), o) there exists a & between x and 0
such that

- et 2
wof(x)=x— mx .
For the lower bound, we thus conclude
L(L-1
Vipen Q> s Ewoo - woy - 2 Do,

WeLip(1,B") 2
W ()2-log(2-2/L)

For the upper bound, we get

eB
EW&X)*. O

E X)— Y)]- ————
W00 =Wl = s

Viip, sy Q) < sup
WeLip(L.B)
W (>~ log(2)

Note that, using the function g: (-o0,log(2 — 2/L)) —» R, g(x) =
—log(2e™™ — 1), we obtain lower and upper bounds with a penalty term
depending on E[W (Y)?] instead of E[W (X)?].
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Proof of Theorem 3.2. We prove the lower bound first. Theorem 3.1
yields

L(L-1
Vipn® Q= sip  EWOO - W)= LEDRW(x07)
W teateasty
> sup ME[W(X)z].
W eLip(1,log(2-2/L))
arg max EW(X) - W(X)].
WeLip(l,log(2-2/L))

by Villani (2008, Theorem 5.10 (iii)). Then 6W* € Lip(1,log(2 — 2/ L))
for all 6 € (0, 1] and we can conclude

EW(X)-WwW@)]l -

Let W* € This element exists

L(L-1
swp 'm0 - won) - EE Ve oo
W eLip(llog2—2/L))

> sup {ELsw 00— ow 01 - XD giew o)

6€(0,1]
L(L-1

= sup {sEW 00 - W) - " EELmiov 0],

6€(0,1]

which is independent from B. In case 4 := E[W*(X) — W*{Y)] <

L(L - DE[W*(X)?] we have for 5 = m €(0,1)
L(L—1
sup E[W(X)-W ()] - %E[W(X)z]
W eLip(1,log(2—2/L))
A2 A2
> -
T EW*X)2IL(L—1) 2E[W*(X)2]L(L - 1)
AZ
T 2E[WH(X)?L(L - 1)
AZ

> £l

= 2log(2 —2/L2L(L-1)
where we used |W*(x)| < log(2 — 2/L) in the last step. In case 4 >
L(L — DE[W*(X)?] we obtain

L(L-1)
2

E(W*(X) - W*(1)] - E[W*(X)*] > %E[W*(X) W)l

Using the boundedness of [0, 1], we get

A= sup E[W (X) - W(Y)]
W eLip(1,log(2—2/L))
> sup E[W(X)-W(¥)]
W eLip(log(2—2/L)d~1/7 c0)
_log(2-2/L)
= TWI(]R Q).
Hence we can conclude the claimed lower bound for
. _llog(Z—Z/L) o= 1
YU g T P 2@ — 1y

For the upper bound we use Lemma A.1 with W = Lip(L). Since for
W € Lip(L) the function —log(1 + ¢~ ")) € Lip(L) we conclude

Viip,py P Q) < sup  Elw(W (X)) +w(W(Y))]
WeLip(L)

< sup E[- log(l + e_W(X)) + log(l + e_W(Y))]

WeLip(L)
< sup E[W(X)-W(Y)]
W eLip(L)
=L sup EWX)-W{)] O
WeLip(1)

A.3. Proofs for Section 4

Proof of Theorem 4.1. Using Theorem 3.2 and the triangle inequality
for the Wasserstein distance, we deduce for every G € G and ¢ =

max(cl_l,c;l/z) that

W, (B, POD) < W (P, P,) + W, (B, POr(?)
. 5 1:1/2
< W (B, B,) + ¢[Vyiprpy (B PO/
1;1/2
< WL B P,) + ¢ [Viiprp) B PO

< W, (P*,P,) + cL|W, (P, POD)| "/
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1;1/2

< 1+ L)Wy P, )] 7 e [w, PO,

As G € G was arbitrary, we can choose the infimum over ¢. []

Proof of Corollary 4.2. For every measurable G*: Z — X and any
G € G we have

W, (P, POy < W, (B, B9 @)) 4 W, (PF"(2D), A2y

=W, PPy 4 sup E[W(GH2Z)) - W(G(2))]
WeLip(l)

<W (P, P9 D) + B[|G*(2) - G(2)],]
W PO 4+ [|G* = Gl .

Since G* was arbitrary Theorem 4.1 yields for some constant ¢

E[W, (P*, PEP)] <c - E[max(y/W, (P,, P*), W, (P,, P*))]

. « GH(Z)\1151/2 . e s1/2
ooinf W BTN finf G - 6715}

+c-

Here the infimum can be used as we can increase the constant ¢
multiplied to both terms by an arbitrary small ¢ > 0 to account for
the possibly infinitesimal smaller value. Using Jensen’s inequality, we
can bound the stochastic error term by

E[max(y/W;(®,.P*), W;(®,.P*)] < E[\/W;(@,,P*)] + E[W,;(P,,P")]

< VEIW,®,,P")] + E[W,P,, P")].

From Schreuder (2020, Theorem 4) we know

n/d, d>2
E[W,P*,P)] < 3n"2logn), d=2
n=1/2, d=1.

where ¢ depends only on d. Since (log n)/\/ﬁ <1, we conclude

n=1/24, d>2
VEIW, (P,.P*)] + E[W,(P,.P*)] < 2¢ {n~Y4(logm)'/?, d =2
n /4 d=1. O

Proof of Theorem 4.3. With the same reasoning as in the proof of
Corollary 4.2, there exists some ¢ such that for any measurable G* : Z —
X and any G €@

E[W, (P*, P“D)] < c(VEIW, (P,. P*)] + E[W, (P,.P*)]
+ W, PG O 4 [inf |G* = Gl 1"1/2)
Geg
By the triangle inequality
W, (P,,P*) < W, (P,,PC" @) + w, (@@, p*).

Let Z; ~ U be i.i.d. random variables and denote the corresponding
empirical measure by U,. For G* € Lip(M, Z) we can then bound the
first term by

n
WiE, B D) = sup LY wix) —EWect(2)]
weLip(l) " =
n
< sp 1Y WX - WoeGHZ))|

weLip(l) " {=

n

+ swp 1Y WeGH(Z) - EIWeG*(2)]
WeLip(l) 1 =

sip L3 1(z) -El/(2))

eLip(M) " ;3

IA

n
1
=X - G2, +
ni3 f

13)
,1-1 Y 1X, = G*(Z)l, + M - W,(U,,U)

i=1

Hence,

. I - ;
EW,®, PT)] < Z,Enxi =G"(Zl, 1+ M - E[W,(U,, U)].
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Note that E[|X; — G*(Z,)|,] = W,(P"(¥),P*) by the duality formula of
W, used in this work, see Villani (2008, Definition 6.2 and Remark
6.5). For E[W;(U,,U)], we can exploit the convergence rate for the em-
pirical distribution as in Corollary 4.2, but now in the d*-dimensional
latent space Z. Therefore, there exists a ¢’ such that

VEIW, (P, PH)] + E[W,(P,.P*)] < ¢'[W, (@%@, p*)"1/2

p1/2d d*>2
+ ' V4 ogm)l/2, d* =2
n1/4, =1 0O

A.4. Proofs of Theorems 5.1 and 5.2

Proof of Theorem 5.1. First, we verify that for any two nonempty sets
W, and W, we have

Vyy (P,Q) < Vyy (P 2 inf — Wl o 1
w, P, Q) < Vyy, (P, Q) + erelwzwigv] W =Wl 14)

Indeed, the difference Vi, (P, Q) - Vi, (P, Q) is bounded by

)-roa(H )]

=)

1+e’W(X)>”

)“Og( 2

-W*(X)
inf  sup {E [— log( re” 7
wew, Weew, 2

—W(X)
()

. 1407 WO
< inf {E[—l (—
W, oo (E|| - 1oe( =5

14V 14"
+ 2| —top (5 1oe( 5 ) ]}
< inf  sup {E[[W*(X)-WX)|1+E[W*¥) - WD)}
WemW; wew,
<2 inf su W* =Wl
RN o

due to Lipschitz continuity of x — —log((1 + ¢*)/2).
From (14) we deduce for W c Lip(L, B)

VLip( 1.5 (P, Q) < Vy (P, Q) +2 Wi/nf sup

W —wl.
€W W eLip(L.B)

We abbreviate 4y, := infyrcyy sUPweripr.p) W — W'l Now we
can proceed as in Theorem 4.1. In particular, it is sufficient to bound
W, (P,, P¢(%). Due to Theorem 3.2 there is some constant ¢ > 0 such
that for every G € ¢
WI(IPns PGn(Z)) < C[VLip(L,B)(Pn’ Pén(Z))]l;l/Z

< c[Vyy (B, POrD) 124,11/
< c[VW(Pn,PG"(Z))]l"/z +2c[AW]1“/2
< c[Vyp(P, . PEONI1/2 1 oe( 4, 115172

Because Vyy(P,, P9%)) < Vi, p)(P,, PF?) due to W C Lip(L, B), the
rest of the proof is identical to the proof of Theorem 4.1. [J

Proof of Theorem 5.2. Since W, (P,,P*) can be estimated as in Theo-
rem 4.3, we only need to bound W, (P,, PO«(?), For I' > max(L,2B), we
have Lip(L, B) c H*(I'), « € (0, 1), and the assumptions of Theorem 3.2
are satisfied. Therefore for every « € (0, 1)

g 5 1;1/2 X i
Wi @, PO ) < e [Viipr ) By PO )] " < e[V (P, POEN] W12,
Now, (14) yields
vua(r)(]}"n,lpé,,(z)) < V@, P @) 124,

for inf  sup

W -Wil,.
WEW ywechia(r) *

Ay =
Using that Gn is the empirical risk minimizer and W C H*(I'), we thus
have
W, (B,, P9 D) < c[Vyy(B,, PG 7 4 e[a,,111/2

< c[VW(IP’,,,]PG(Z))]I;I/z +c[AW]m/2

< C[VHu(r)(Pn,PG(Z))]l;I/Z +C[Aw]l;l/2
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To bound the first term, we apply Lemma A.1 and {—log(l + ¢ " 0) |
W € H¥(I')} ¢ H*(I') to obtain

sup
WeH(I)

Voo (P PP < Eg.p [—log(l + e’W(X)) + 10g<1 +e WO

< sup Eis [WX) - W(G(2)) (15)

" wens(r)

< sup
WeH«(I)

Egp [IW(X) - WX+ sup EIW(X)-W(GZ).
WeH*(I')

For the second term we have by Holder continuity, Jensens inequality

and the duality formula of W, as used in the proof of Theorem 4.3 that

sup E[W(X) -

W(GZN < sup  E[W(X)-W(G*(Z2)]
WeH(I) WeH(I)

+ sup E[[W(G"(Z)) - W(G(Z))I]
W eHa(I)
<TE[IX - G'(D)|)]+ TIIG* =Gl
< TW, (@ PO D) 4 1|G* - G|<,.
Hence, we have for any G € G and any measurable G*: Z — X for

some constant ¢ > 0

Wi (B, P D) <c| sup Egp W) - w0l
WeH*(I) "

1:1/2
e [W (B P @04 G-GII%, | RYNSINYY
For the remaining stochastic error term, we first note that

sup ]E;QN]pn[W(X)—W(X)]S sup ]EXMN]}»”[W(X,,)—W(G*(Z))]
WeH(I)

WeH(I')
+ sup E[W(G*(Z)) - W(X)]
WeH(I)
< sup By p [W(X,) - W(G(2))]
WeH*(I')

+ IW, (P*, PO D)y

and as in (13) together with Schreuder (2020, Theorem 4) we obtain

E[ s By WX - WG @] <E[ s 1X-G'2)]
WeH(I') WeH*(I')
L
E 3 - Z)—-E[f(Z
+ [mm _Dn;ﬂ )= B2

pma/d 2a < d*,
< W (P PODY a2 In(n), 2a = d¥,

n1/2, 2 > d*.

For the expectation of the first term we use Jensen’s inequality

EIIX, - GX(Z)IX] < EIIX, - GX(Z)I,1* = W, @*, P¢" @y O

A.5. Proof of Theorem 5.3

To prove Theorem 5.3 some additional notation is required. The set
of locally integrable functions is given by

L]

loc

Q) :={f:2-> R|/ | f(x)| dx < oo, for all compact K C Q°}.
K

A function f € LIIOC(Q) has a weak derivative, D% f, provided there

exists a function g € LI'QC(Q) such that
/ 2()Pp(x)dx = (=)l / F)p@(x)dx for all ¢ € C*(2) with compact support.
Q Q

If such a g exists, we define D% f := g. For f € LI'OC(Q) and k € N the
Sobolev norm is

k, 1= max
17l = max

105/ N2

The Sobolev space Wr>(Q) := {f € L, (@) : [Iflyrq < o}
is a Banach space (Brenner & Scott, 2008, Theorem 1.3.5). For f €

Wke(Q), define the Sobolev semi norm by

|f ko) 1= IIt?Ii)/i ||DZf||ooQ
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Note that Lip(L, B, 2) C W(«), since || f|l 1. < max(L,B) for any
f € Lip(L, B, Q). For two normed spaces (A, || - 4), (B, || - || ) we denote
the operator norm of a linear operator T': A — B by

ITI :=sup{lITxllg | x € A, lIxl, < 1}.

Theorem 5.3 is very close to by Giihring et al. (2020, Theorem 4.1),
which however applies only to functions f which are at least twice
(weakly) differentiable. Our proof can thus build on numerous auxiliary
results and arguments from Giihring et al. (2020). We basically keep the
proof structure of Giihring et al. (2020) which in turn relies on Yarotsky
(2017).

Letd, N € N. For m € {0, ..., N}¢, define the functions ¢,, : RY - R,

d 1, [x] <1,
m
9 = [Tw(3N(x - 3£)). where w( =10, Ixl > 2,
= —lxl, 1<Ix] <2
By definition, we have ||¢, ||, =1 for all m and
b a2« vl =i, (M (16)
supp ¢, X0 |xg N = B R

Giihring et al. (2020, Lemma C.3 (iv)) have verified that ||¢,, || 1.0 ge) <
¢N for some constant ¢ > 0.

A direct consequence of Lemma 2.11, Lemma C.3, Lemma C.5 and
Lemma C.6 by Giihring et al. (2020) is the following approximation
result for the localizing functions ¢,, via ReLU networks:

Lemma A.2. For any € € (0,1/2) and any m € {0,..., N}? there is
a network ¥, with ReLU activation function, not more than C; log,(¢~")
layers and no more than C,(N +1)¢ log§ (1) nonzero weights and no more
than neurons C5(N + 1)d(log§(e‘1) v log,(e™")) such that for k € {0,1}

I1¥, = Gullpie < N,
where C|, C,, C; and c are constants independent of m and e. Additionally,
bm(X)

and therefore supp¥, C B 1 I (%)

=0= ¥ (x)=0

Next we approximate a bounded Lipschitz function using linear
combinations of the set {¢, :m € {1,...,N}?}. The approximation
error will be measured in the Holder norm from (4).

Lemma A.3. Let 0 < a < 1. There exists a constant C; > 0 such that for
any f € W*((0,1)9) there are constants c;,, for m € {0,..., N}? such
that

|-

me

1 \1-«
w2G(5) Wl

cf,m¢m
}d

The coefficients satisfy for a C, > 0
|Cf4,m| < Cz“f”Wlm(Qm'N)»
where Q,, n =B N (%) and f € W (R) is an extension of f.
vl oo
Proof. Let E: W!'®((0,1)?) —» WU!'®(R) be the continuous linear

extension operator from Stein (1970, Theorem 5) and set f := Ef.
As E is continuous there exists a C; > 0 such that

Cellfllwiw-

Step 1 (Choice of ¢ f’,,,): For each m € {0,

||f||Wloc(Rd)

., N}¢ we define

~ o ﬂ
= /B 00 dy for By = 85 (%)

and an arbitrary cut-off function p supported in B,, y, i.e.
peC®RY) with p(x)>0forallxeRY, suppp=B,y
f]Rn p(x)dx = 1.

and
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Then

lem sl = ‘/ Fe(y) dy| < IIflloo,gmN/ p(y) dy
B, N " BN

= ||f||oo,gm‘N < CE“f”WLoo(_qm'Ny

Step 2 (Local estimates in || - [ly«,): The coefficients ¢, , are the
averaged Taylor polynomials in the sense of Brenner and Scott (2008,
Definition 4.1.3) of order 1 averaged over B, y. As Giihring et al.
(2020, Proof of Lemma C.4, Step 2) showed, the conditions of the
Bramble-Hilbert-Lemma (Brenner & Scott, 2008, Theorem 4.3.8) are
satisfied. Hence for k € {0, 1}
1-k
If - 01(2‘/_) ey < C2(1) " Wlimca,

Now using ¢,, as defined above, we get

s lwiei,

N

- - 1. -
(7 =crn)| Wil 7= rnl g, SR Imi0

a7
Due to the product inequality for weak derivatives (Giihring et al.,
2020, Lemma B.6) there is a constant C’ > 0 such that the supremum
norm of the weak derivative is bounded by

¢>m(f"—cf,,,,) <C' |l

W (Q, ) )

=

[

+ C' [ bullsog,y 1 = rmlprow, v

1. - .
<C'-¢cN- Czﬁ”f”wlvm(.om,,\,) +C Gl i@,y
=C4||J;||wl«°°(:zmv,\,)- (18)

Combining (17) and (18) we get

F— < Fllp oo .
Step 3 (Global estimate in || - [y x,): As ZmE{O _____ Nyd O =1, we have
that
f= Y  ¢,0f0), forae xe© D
mef0,....N}d
As f‘(o,l)d = f we have for k € {0, 1}
Hf_ 15(021 bn Cf"'"WW((ond) ”f_ z ¢ Cf"‘”wkm((nw)
SRR
<
ret0, e E(OZN ol - cf‘m)”W*m(:z,m

19

where the last step follows from (0, 1)! € Ugc(o...vj¢ @i n- Now we
obtain for each m € {0, ..., N}¢ using (16), (17) and (18)

| X on e up[[0n(7 = 1)

melo,....N 4
|m—il o <1

Wk'm(grh,l\‘) W (25 )

< sup
melo,....N 4
Im—ii] oo <1

1 1-k
<)

Plugging this into (19), we obtain for k € {0,1}

o (L0 ( _
bl — su Su; o
“f 2 ¢'” f’””ww((ond} 6<N) el0, p,\,,l o 17Tl (QM-N)>
""" ‘,,, | oo <1

¢rn(f~_ Cfm)‘

Whe(Q, )

sup
me(0....N )4
Il <l

17 llwreec, -

<c(+)7 17
< — sup Lo (-
N (0N G
1 \(=h
<G(x)  1lwemy
1 \(-h)
<G(5) I hwieou (20)
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Step 4 (Interpolation): Define the linear operators Ty : W1*((0, )?) —
L0, D), T, : W0, 1)) — H(0,1)%) and T, : Wl=(0, 1)) -
w0, 1)?) via

TH=r-

mef0,...,

buCrme k€ (0,0, 1)

N}

Note that the linearity follows from the definition of the constants ¢ ,.
Using Lunardi (2018, Theorem 1.6), for the nontrivial interpolation
couple see Lunardi (2018, p.11 f.), leads to

1—
1T < T~ N7 1"

Note that || - [l is equivalent to || - [y s.o(q) in Glihring et al. (2020).
Using (20) we conclude

lr= X ducral
mef0,....N}d

o 5C0(%) Wy O

Now we want to approximate the function 3, o
Holder norm using a ReLU network.

Lemma A.4. For any ¢ € (0, 1/2) there is a neural network @, with ReLU
activation function such that for (c; ,,),, from Lemma A.3, there is a constant
C > 0 such that

>

mef0,...,N}

< Clfllyreo N,

¢mcf,m - ¢£ H
d
the number of layers is at most [C;log,(e™!)], the number of nonzero
weights is at most [C,(N + 1)?logi(e")] and the number of neurons is
at most [C3(N + 1) (logl(e™") V log,(7")], with C|,C, and C; from
Lemma A.2.

Proof. From Lemma A.2 we know that there are neural networks
¥, ,, with at most [C, logy(e~")] layers, [C,(N + 1)¥ log(e~")] nonzero
weights and [C5(N+1 )d(log%(e_l)vlogz (e71))] neurons that approximate
¢,, such that for k € {0,1}

||¢m -

Now we parallelize these networks and multiply with the coefficients
¢; m afterwards. Hereby, we construct a network @, with 1 + [C; log,
(e71] layers, N¢ + [Cy(N + 1)?log3(¢™")] nonzero weights and 1 +
[C3(N + 1)?(log3(e™") v log,(e71))] neurons such that

Yemllpee < ¢ N¥e.

cf,myje,m' (21)
For each m € {0,...,N}¢ denote Q, y = Bi, (%) as above. For
k € {0,1} we get N

“djf - Z Cf""d)m”W"-""((O,l)") = “ Z rmem = ¢"')“wk-m(<o,l>d>

me{0,...,N mel0,...,N 4

< sup
me(0,.. . N} ¥ peto,. N}

Ven =00
€rnFem = bm) WEe (@5 yn(0.1)%)

<3 sup sup

me(0,...,N }¥ mef0,...,N}4

¢ Wem = b

W ke (Q yn(0,1)%)

<3¢ su su; c || Vo= ||
;ﬁe(()’__l_)’]\”d me([)T__PjN)dl f’m| ( em ¢m) Whe(Q5 yn(0,1)4)
M -
<39 sup sup 1 o, ) 1Pem = Pllwriss @y g n0.130)

me{0,...,N}4 me(0,...,N}
<CN*e|| fllwie-

The second to last inequality follows from the fact that on @ y is
within the support of ¢,, only for |m—m|, < 1. The last inequal-
ity follows from (21) and the continuity of the extension operator,
see Stein (1970, Theorem 5). As in Step 4 of Lemma A.3, we conclude

using Lunardi (2018, Theorem 1.6)

| Y bucrm,. SCNNS e O
d

mef0,...,N}

D, —

Now we are ready to proof Theorem 5.3.
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Proof of Theorem 5.3. Combining Lemmas A.3 and A.4 with || f]l; 1.«
< B yields for a constant C > 0 for any £ € (0,1/2) that

If = @ellpge < ”f - Z Cf$m¢m| Ja + H Z CrmPm — P
N} mef0,...,N }d

mef{0.

Ha

<en(3)”

where £ determines the approximation accuracy in Lemma A.4. For

N oo [(ﬁ>—l/ﬂ—a)] ’

we get for the first term in (22)

(22)

(¥) " <3cs
Choosing

(23)

£ =

L e
) I-a + 1)

ZéB ( ( ZCS’B
leads to

”f - @g”Ha <e.

From Lemma A.2 we know that there is a ReLU network with no more
than 1 + [C)logy(¢™)] layers, N + [Co(N + 1)?log3(¢™")] nonzero
weights and 1 + [C3(N + 1)4(log3(¢™") v log,(€7"))] neurons with the
required properties. Inserting (23) and assuming CB > % yields

Thus there are C’, C’l’ and C"” such thatdthe ReLU rlletwork has no more
than 1+ [C’ log,(e” T-«)] layers, [C"e™ T« logg(g’ﬁ)] nonzero weights

)7‘%“) < ' logy(e™T5).

1 1
and 1+ [C""e” 1= (log3(¢" T ) V log, (¢~ 7= ))] neurons.
Since f € Lip(L, B) C H*(I') for I' = max(L,2B), we conclude

19 ll3e < N Sfllpga + 1P = fllya < T +&.

Corollary 5.4 is a straightforward combination of Theorems 5.2 and
5.3. O

A.6. Proof of Theorem 6.1
Proof of Theorem 6.1. First we note that for I" > 1, there is an L > 0,
such that there is a B > 0 with 2B < I — 1 and with X ~ P*

sup  E[W(R) - W(G,(Z2)] =
WeLip(L)

sup  E[W(X) - W(G(2)]

W eLip(L.2B)

This L > 0 exists as [0, 1]¢ is bounded and adding a constant to any

function W e Lip(L) will not change the value of E[W (X)—W (G,(Z))].
Then we get for every G € G with the same reasoning as in the proof

of Theorem 5.1

W, (P, PGy < W, (P*,P,) + W, (P,, P9?)

. 1 é
=W (B F,) + T W, (P, PO )

1 A 2 .
< W (P*,P) + —Wyy(P,, PO %) + = inf sup  ||[W =W,
] L L WeW yicripwon)
# 1 G(Z) 2 . ’
W, (PP + Wy, POD) 4+ = inf  sup W =Wl
L L Wew wrcrinr2m)
" 1 G2 . 2 ’
< W, (P P,) + —Wye(P,,PY“)) + = inf sup  ||W =W,
! L L Wew yireripron

The bound on Wy (P,, P¢?)) depending on the intrinsic dimension
d* was already derived in Theorem 5.2 (starting with Eq. (15)). The
bound on W,(P*,P,) depending on the intrinsic dimension 4* was
already derived in Corollary 4.2. []

A.7. Calculations for Example 3.3

For the Wasserstein distance we get W, (P, Q) = y. The Vanilla GAN
distance using all Lipschitz L affine functions as discriminator yields in
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this example V,_,(P, Q) = max sz f(a,b) for

lal<L

f(a,b) := = (—log(1+e™~") —log(1+e~*"*=*) —log(1+e?) —log(1+¢***) ) +log(4).

1
2
Standard calculus yields for fixed a the unique maximizer b* = — 4

and

a(e+y) a(e—y)
fa,b*) = —log(l yeo ot ) - 1og(1 yei o ) +log(4).
Since
9 faby=—t TV
da aly+e) _ale=p)
2Ae T 4+ 2Tz +1)
for ¢ < y, the maximizing @ is maximal a* = L. This coincides with

the intuitive choice: as the support of PX and the support of P¥ can be
separated by a single point on R, we expect the optimal discriminator
to be affine linear. Standard calculus yields the linear upper and lower
bound for £ = 1.

For € > y, the unrestricted maximizing «* solves the equation

a*(ety) A G
(e—y)e 2 —(e+ye 2 =2.

While there is no closed form solution, a numerical approximation (for
€= i) yields for y < ¢ and L > 16 such that a* is feasible

w (]PX, ]PY)Z
S <V (PYLPY) <a WY PY
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