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Classification Logit Two-Sample Testing by Neural
Networks for Differentiating Near
Manifold Densities

Xiuyuan Cheng and Alexander Cloninger

Abstract—The recent success of generative adversarial net-
works and variational learning suggests that training a clas-
sification network may work well in addressing the classical
two-sample problem, which asks to differentiate two densities
given finite samples from each one. Network-based methods
have the computational advantage that the algorithm scales to
large datasets. This paper considers using the classification logit
function, which is provided by a trained classification neural
network and evaluated on the testing set split of the two datasets,
to compute a two-sample statistic. To analyze the approximation
and estimation error of the logit function to differentiate near-
manifold densities, we introduce a new result of near-manifold
integral approximation by neural networks. We then show that
the logit function provably differentiates two sub-exponential
densities given that the network is sufficiently parametrized, and
for on or near manifold densities, the needed network complexity
is reduced to only scale with the intrinsic dimensionality. In exper-
iments, the network logit test demonstrates better performance
than previous network-based tests using classification accuracy,
and also compares favorably to certain kernel maximum mean
discrepancy tests on synthetic datasets and hand-written digit
datasets.

Index Terms— Neural network two-sample test, neural network
approximation theory, maximum mean discrepancy, manifold
data analysis.

I. INTRODUCTION

HE powerful expressiveness of neural networks and the
recent progress in neural network optimization suggest
the natural idea of using a network for the comparison of two
unknown distributions p and ¢ from finitely observed data sam-
ples, a problem known as two-sample testing in statistics [1].
As a central problem in statistics, two-sample testing is widely
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encountered in general data analysis of biomedical data,
audio and imaging data, etc. [2]-[6], and particularly, in the
machine learning application of training and evaluating gen-
erative models [7]-[16]. Many existing two-sample tests for
multivariate data are based on certain estimators of a distance
or divergence between p and ¢. Important examples include
Maximum Mean Discrepancy (MMD), especially kernel-based
MMD [17], [18] and distance of Reproducing Kernel Hilbert
Space (RKHS) Mean Embedding [3], [4], and divergence
based methods which may involve non-parametric estimation
of density difference or density ratio [19]-[22]. While these
methods have been intensively studied and theoretically well-
understood, their application is often restricted to data with
small dimensionality and/or small sample size due to model
and computational limitations. More background information
on two-sample tests can be found in Section I-B.

The idea of training a classifier to solve two-sample prob-
lem dates back to earlier statistical works, and was recently
revisited in the machine learning literature [5]. Notably, the
training of discriminator in generative adversarial networks
(GAN) [9]-[11] is also to solve a two-sample problem: in
the training of GAN, in each iteration a discriminator net-
work (D-net) is trained to distinguish the density ¢ produced
by a generative network from the data density p which is
only accessible via observed samples, that is, a two-sample
problem. (Strictly speaking, the task of D-net is a goodness-
of-fit problem as the model density ¢ is analytically given
[14]-[16]. The scenario of two-sample is also important since
batch sampling is commonly used in training GAN and other
generative networks.) The success of GAN and adversarial
training in many applications suggests that training a neural
network potentially provides a powerful tool to solve the two-
sample problem, for various applications in machine learning
and data analysis.

The current paper proposes classification logit two-sample
test, a general method for two-sample problems based on train-
ing a classification neural network. The proposed test statistic
is the log ratio of the class probabilities averaged over samples,
which can be computed once a classifier network is trained.
The theoretical results cover neural network approximation
and estimation analysis, which we summarize in Section I-A.
In our analysis, an important setting is when high dimensional
data exhibit intrinsically low-dimensional structures, which
is a scenario frequently encountered in generative models as
well as other applications. Take GAN as an example: because
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Fig. 1. Roadmap of analysis, illustrating the different functions f*, fiar, fgl, ﬁr and feon, (the last three lying in the network function family Fg). The goal
of analysis is to bound L{ftar] — L[ftr] to be less than some Lgap, see (30) and (31), which is proved in Theorem IV.6(1).

a GAN traditionally maps from a low dimensional latent space
to a higher dimensional data space where ¢ is defined, the
resulting model density ¢ is concentrated on or near a low-
dimensional manifold in the ambient space. This means it is
critical that the analysis of the D-net focuses on this manifold
or near manifold setting.

From an approximation theoretic perspective, recent work
has shown that the D-net does not have to scale with the num-
ber of points in order to bound the generalization error [23],
or for constructing GANs [24]. Other important directions
in this line include studying the effects of depth of the net-
work [25], [26], and showing that the space of fixed size net-
works is not closed under L? norm [27]. While neural network
approximation of functions on low-dimensional manifolds has
been studied [28], [29], and the needed network complexity
is reduced to be intrinsic, these works have not considered
high dimensional data that are lying near low-dimensional
manifolds. Finally, generative networks that explicitly model
the low-dimensional manifold in the latent space have been
studied for data lying on low-dimensional manifolds [30], [31].

A critical aspect of considering neural networks in a sta-
tistical context with finitely many observed samples is that
the family of networks cannot be so large that overfitting
becomes a concern. This means that the family networks
constructed in any approximation theory argument must have
bounded estimation error even as the approximation error goes
to 0. This is violated if we allow for arbitrary growth of
the network architecture without some additional assumption,
and the traditional construction using local polynomial expan-
sions [23]-[25] does not automatically satisfy this requirement.
This motivates the use of a wavelet type argument [28], and
one of the key results in this paper (Theorem III.2) that
establishes an upper bound on the Lipschitz constants of the
constructed networks independent of the architecture of the
network. We review and discuss all these connections in more
detail in Section I-C.

A. Main Results
The main results and contributions of the current paper are
summarized as below:

o We introduce a neural network-based two-sample test
statistic using classification logit function. The algorithm

inherits the scalable computational efficiency of neural
networks. Numerical experiments show that the proposed
test compares favorably to kernel MMD tests and earlier
neural network test based on classification accuracy,
on both synthetic manifold data and hand-written digits
datasets.

o Theoretical guarantee of testing power is proved
(c.f. Theorem IV.6) for sub-exponential densities p and
g in RP, and the needed network complexity is reduced
to be intrinsic when p and ¢ lie on or near to a low-
dimensional manifold embedded in R” even when D
is high. The way of proving Theorem IV.6 consists of
a combination of approximation and estimation error
analysis, under an assumption on small optimization
error, which bounds L[ftr] — L[f*] to be sufficiently
small and consequently obtains a strictly positive L[fi.].
A roadmap of analysis is provided in Section II-D and
Figure 1.

o We prove a result of near-manifold integral approximation
(c.f. Theorem III.1), namely approximating the integral of
some regular function f with respect to a density p, which
concentrates near a low-dimensional manifold M, by the
integral of f.on, Where f.on is constructed by a neural
network to approximate f on the manifold M only. A key
step in the analysis is to show that as we make the neural
network approximation error ||f — feon|lco,m approach
zero by enlarging the network complexity, the Lipschitz
constant of fe., in R can be made uniformly bounded,
and the bound depends on M and f only. This result
(c.f. Theorem III1.2) extends the earlier result in [28], and
can be of independent interest.

The needed theoretical assumptions for proving test power
guarantee are given in Section II-D. The softmax classification
loss corresponds to the Jensen-Shannon divergence (JSD)
between two densities, which belongs to a general class of
f-divergences. Thus our method and techniques may extend
to a broad class of classification networks [11]. Since JSD
is a prototypical case of f-divergence, we focus on softmax
classifier network in this paper. We discuss future directions
in the Section VI.

Notation: We provide a list of default notations in Table I.
In particular, fco, is named as fy in Theorem II1.2 and
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TABLE I
LIST OF DEFINITIONS AND NOTATIONS

p, q two distributions in two-sample problem,
also used to denote the two densities

X,Y independent i.i.d. datasets drawn from p
and g respectively

nx, Ny number of samples in X and Y

Po class of near-manifold densities, c.f. (9),
o > 0 is the scale of sub-exponential
decay

M d-dimensional manifold in R”

{(Ui, i)}

manifold atlas consisting of K patches,
U; = B(ml,é) nM

) radius of Euclidean ball in manifold atlas,
d > 01is a fixed O(1) constant determined
by M

i partition of unity function on M, supp(n;)
is on U;

fo neural network logit function, c.f. 2

I log ratio of densities f* =log Z, c.f. (8)

frar smooth and compactly supported surro-

gate function of f*, also the target func-
tion for neural network approximation, c.f.
Assumption 2

feon constructed neural network function

fgl neural network solution that is global op-
timizer of the training loss L t:[f]

ftr neural network solution attained by ac-
tual optimization procedure on the training
data

T[f] population test statistic of logit function
f,cf. (4)

Ly o [f] empirical training loss of n training sam-
ples of logit function f, c.f. (6)

L[f] population loss of logit function f, c.f. (7)

its proof. Throughout the paper, for integrals we may use the
abbreviated notation [ f to represent [ f(z)dz. For a set A,
|A| stands for the cardinal number of A. For the asymptotic
notations, big-O O(-): we write f = O(g) if there is C' >0
such that |f| < Clg| in the limit; Tilde ~: we write f ~ g for
f, g > 0 if there are Cy,C5 > 0 such that Chg < f < Chg in
the limit (note that ~ also denotes “distributed as” for random
variable, when there is no confusion); We use O() to stand
for O(-) multiplied by another factor involving a log, to be
defined specifically in the context.

B. Background: Two-Sample Problem and Test Statistic

We introduce certain terminologies from statistical literature
about the two-sample problem. Formally, the two-sample
problem asks to test the null hypothesis Hy : p = ¢ given
datasets

X ={z:};X, xi~p iid, Y={y};X, yj~q iid,

and X independent from Y. It is also of application interest
to provide indication of where ¢ differs from p. Similarly,
K-sample problem can be considered where K > 2, namely
to differentiate distributions among K data sets. We focus
on the two-sample problem in the paper, and the neural
network classifier method extends to the K > 2 situations.
Throughout the paper, we assume that the distributions have
density functions, and use p and ¢ to stand for both the
distribution and the density function.
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Most two-sample testing method is based upon a test

statistic . .
T =T(X.Y),

which is computed from the two datasets, and a test thresh-
old 7. The null hypothesis H is rejected if T > 7. To control
the false discovery under the null, the threshold 7 is usually
set to the smallest value s.t. Pr[T > 7|Ho] < a, where
a € (0,1) is a pre-specified number called the significance
level of the test (typically a = 0.05). Algorithm-wise, 7
is given either by theory (the probabilistic distribution of T
under Hp) or computed from data. Specifically, permutation
test is a standard procedure to determine 7 by a bootstrap
approach [32], [33], and was used in kernel MMD tests [18].
For a given test, the test power is measured by Pr[T > 7| H1],
namely the probability of true discovery when p and ¢ indeed
differ. The test is called asymptotically consistent if the test
power — 1 as the number of samples nx,ny — oo and
usually the ratio nx /ny — a nonzero constant.

C. Related Works

1) Classification and Two-Sample Testing: The relations
between two-sample testing, divergence estimation and binary
classification has been pointed out earlier in [19], [34], [35].
[36] studied Fisher LDA classifier used for testing mean shift
of Gaussian distributions. Discriminative approach has also
been used to detect and correct covariant shifts [37], [38].
Training classifier provides an estimator of density ratio, as has
been pointed out in [39] and in the formulation of learning gen-
erative models [40]. While distribution divergence estimation
has been studied and used for two-sample problems [20]-[22],
the use of neural network as a divergence estimator for two-
sample testing was less investigated. In terms of theoretical
guarantee of test power, the analysis in [5] assumes a non-
zero population test statistic when p ## ¢ but the expression
is not specified, along with other approximations. Theoretical
analysis of neural network two-sample testing power remains
limited.

2) MMD and Kernel MMD Tests: MMD, also known as
Integral Probability Metric (IPM), encloses a wide class of
two-sample statistics such as Kolmogorov-Smirnov statis-
tic, Wasserstein metric, etc. Particularly, kernel-based MMD
[17], [18] has been widely applied due to its non-parametric
form, and recently in training moment matching networks
[7], [8] and evaluating generative models [13]. The population
test statistic of MMD test takes the general form as

D(p,q) =J§gg/f(p—q)7 (1

where F is certain restricted family of functions. In kernel
MMD, F is the L2-unit ball in the RKHS. To optimize
kernel choice, [18] considers selecting kernel bandwidth from
data, [6] studies anisotropic kernels. Optimizations of kernel
through convex combination of multiple kernels [41], adapting
reference locations in the Mean Embedding test [4], and neural
network parametrization [42] have been introduced which
maximize estimated testing power. The combination of neural
network feature learning and kernel MMD has been studied
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in [8], where the training is typically more costly than that
of a classifier network. Compared to kernel methods, neural
networks are often algorithmically more scalable, and the
current paper studies the theoretical guarantee of testing power,
and compares performance in practice.

The proposed network logit test in this work is not an
MMD test, because the training objective is an (empirical)
f-divergence rather than an IPM. However, the test statistic
resembles the form of MMD test statistic, which is evalu-
ated at the supremum f in F. We discuss the connection
in Section II-B, and compare with kernel MMD tests in
experiments.

3) Relation to Goodness-of-Fit Test and GAN: The
goodness-of-fit problem differs from the two-sample problem
in that one of the two densities is analytically accessible.
Using the explicit formula of ¢, methods based on kernel Stein
discrepancy have been developed in [14]-[16] and applied
to generative model evaluation. However, the computation of
the score function V log ¢ may be difficult for certain genera-
tive models, including many generative networks. Meanwhile,
in many generative models including GAN the goodness-of-
fit is evaluated by batch sampling, i.e. the two-sample setting:
Kernel MMD is used in [7], [8]; GAN, Wasserstein GAN [10]
and f-GAN [11] estimate density divergence by a trained
network (the D-net). Since the success of GAN training relies
on the discriminative power of the D-net, the efficiency of
using a neural network for the two-sample test is important
for the training and evaluating of such models.

4) Neural Network Approximation Theory: The expressive-
ness of neural networks and their ability to approximate
functions to error e considers the minimum architecture needed
to approximate a family of functions, independent of whether
an optimization scheme converges to the proposed constructed
network. The number of parameters needed in a network to
bound the point-wise error by € is known to scale as e~ P/"
where D is dimension of the space and r is the smoothness of
the target function [25], [43], [44]. It has also been established
that if the function is in a Korobov-2 space (i.e., smooth mixed
derivatives up to order 92 ...02 f), then the complexity
can be reduced to e~ '/2|log(e)|>’/? [45]. Similarly, when
the data lies on a lower dimensional manifold of dimension
d < D, the complexity of the networks scales as e~ %/2
for twice differentiable functions when the network depth is
bounded [23], [28], [46], and regression of Holder functions on
such manifolds using deep ReLU networks was studied in [29]
which proved estimation convergence rate depending on d.
These methods are mostly applied to regression problems,
and consider data distributions that are absolutely continuous
in R? or lying on a low-dimensional manifold, but have
not considered the case where data is concentrated near low-
dimensional structures.

II. LOG-RATIO TEST BY NEURAL
NETWORK CLASSIFICATION

A. Classification Logit Test

The proposed test statistic is computed in the following way.
Given two datasets X and Y as in Section I-B, without loss
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of generality suppose n = nx + ny is even integer. Same as
in [5], we split the dataset D = {(x;,0)}*, U{(y;, 1) ;’;’1 =
{(#i, )}, l; € {0,1}, into two halves, i.e. D = Dy U Dy,
|Dy| = |Dee] = n/2, De = Xie U Y, and similarly for the
training set. The method consists of two phases of training
and testing:

o Training. A binary classification neural network is trained
on Dy using softmax loss (equivalent to applying logistic
regression to the output of last layer before the loss layer),
which gives estimated class probabilities as

eus(T)

Pril =0l2] = o w @
eve(x)

Pr[l = 1]z] =

6“9(95) + eve(f) ’
where ug(z) and vg(z) are activations in the last hidden
layer of the network, 6 denoting the network parametriza-
tion. We define

Jo = up—ve, 2

which is the logit. The mathematical formulation of
network training is detailed in Section II-C.

o Testing. After fp is parametrized by a trained neural
network, the test statistic is computed as

> folx S fly), G

|Xt° € X |Y | yEYie
which can be equivalently written as T =
[ fo(x)(Pe(x) — Ge(x))dx where P and Ge stand

for the empirical measure of X and Y respectively.

1) Determination of T: Once the logit function fy is
evaluated on each testing sample, the test threshold 7 can
be computed by a bootstrap method [32], [33]: randomly
permute the |Di| many labels I; on the test set, and
recompute the test statistics for mpem times, typically
a few hundreds. Then 7 is set to be the (1-a)-quantile of
the empirical distribution so as to control the type-I error
to be at most a. Note that this permutation test does not
require retraining the network upon each permutation nor
re-evaluation of the neural network on testing samples.

The above classifier logit test can be used with other
classifiers than neural networks, e.g., logistic regression, which
is equivalent to restricting fp to be a linear mapping or the
network to have only one linear layer. A main advantage of
neural network is the enlarged expressiveness of the class of
functions fy that can be represented or approximated.

2) Computational Complexity: Given n data samples, eval-
vating the network output on each sample takes a fixed
amount of flops, and thus computing the test statistic takes
O(n) operations. The permutation test to determine 7 adds
negligible cost since fy has been evaluated at each test sample,
and permuting the class labels only reorders these computed
values. The training phase is certainly more expensive, though
theoretically the overall complexity is O(n) assuming that
training is terminated after a fixed number of epochs. Note
that the computation can be conducted by batch sampling so
the algorithm scales to large sample size and also to multiple
sample problems.
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B. Witness Function

Given the logit function f, the empirical test statistic is
written as 7' = [ f(p—¢), the subscripts being omitted without
causing confusion, and the population test statistic is

T(f] = / o —a), 4

which is of the same form as the MMD discrepancy (1)
evaluated at the sup-achieved f. In the literature of kernel
MMD [18], such f is named the witness function, as it
provides an indication of where ¢ differs from p. The indicator
of differential regions can be of more application interest
than the hypothesis test itself. The witness function for kernel
MMD is expressed via the reproducing kernel.

In our setting, the density differential indicator is provided
by the logit function fy of the trained classifier network.
We follow the MMD literature and call fy the (empirical)
witness function of the proposed logit test. We will see in
Section II-C that f* := log % gives the unconstraint optimizer
of the population training objective. We call f* the population
witness function of the logit test.

The witness function plays an important role in the ability
of the test to distinguish two densities. When p # ¢, once
a witness function f with T[f] > 0 is obtained (from the
training set), the two-sample test (on the test set) using T will
be asymptotically consistent as a direct result of Central Limit
Theorem (CLT). The difference in test power thus depends on
the quality of f, e.g., how large is the bias T'[f] compared to
the variance of 7. Consequently, the efficiency of the network
classification test lies in how well the neural network can
express a good witness function and how it can be identified
via the optimization, which is the central question of our
analysis. Apart from theory, we also experimentally compare
the witness function of different tests in Section V.

C. Identification of fg by Neural Network Training

Mathematically, the training of classification neural network
optimizes the following objective

> logD(z) + Y log(1—D(y)), D(z):

€ Xy YyEYr

W@
o 1+ ef(ir) ’

)
called the (negative) empirical training loss.! After normaliz-
ing by number of samples, where we assume same of samples
in X and Y, and then | X| = |Y|, for simplicity throughout
the paper, the optimization of the empirical loss (up to a
additive constant) can be written as

L
Joax el f]

1 1
=5 <m Z log D(x)

€ Xy

1
+= Z log(1 — D(y)) + 2log2
Yol

1“Loss” usually refers to minimization, in this paper we use L and Ly
to denote the population and empirical negative softmax loss which is to
maximize by the optimization.
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_ % < / pul)log D(z)dz

+/(ju(x) log(1 — D(x)) + 210g2> ,  (6)

where Fo denotes the class of functions that can be expressed
as the difference of the outputs in the last hidden layer of the
classification network, and p, and ¢ stand for the empirical
measure of Xy and Y;; respectively.

This training objective is the same as that of the the D-net
in the standard GAN [9]. As number of samples n — oo, the
corresponding population training loss can be expressed as

1 2ef 2
L[f]_i(/PlogHLef‘f'/qugH—ef)a @)

and a direct verification shows that the maximizer is (see e.g.
[9] where it is proved in terms of D = le)

fr=argmax L[f] = log}—j,

f q
1 2p 2q

Lif] == /plo +/q10 )zJSDp,q

[f"] 2( i e (P, q)

(@)

which characterizes the solution of (7) when the function
class is arbitrarily large or large enough to contains f*, JSD
referring to the Jensen-Shannon divergence.

Note that the fy identified in practice, which we call f tr €

Fo (“tr” for “trained”), differs from f* for three reasons:

o (Approximation error) The neural network function class
Fo is of finite complexity and may not contain f*.

o (Estimation error) Only finite training samples are used,
which makes L,, i # L.

o (Optimization error) The optimization of L, «[f] may
attain a local rather than global optimum. We call the
global optimum fgl (“gl” for “global”).

The goal of analysis is thus to prove that the logit test

(3) using ftr obtained from training on the training set can
distinguish different p and ¢ with efficiency.

D. Assumptions and Roadmap of Analysis

We illustrate the differences among ftr, fgl, and f* in
the diagram in Figure 1, which also gives the roadmap of
our analysis towards proving the test consistency guarantee
(Theorem IV.6). To prove test consistency, we make the fol-
lowing assumptions: the first one is to handle the optimization
error.

Assumption 1 (Optimization Error): The neural network
training of optimizing maxyery Ln«[f] outputs fy which
achieves a training loss that is AC-close to the global opti-
mum, AC small enough, namely,

Ln,tr[fgl] - AC S Ln,tr[flr] S Ln,tr[fgl]-

If the training algorithm is stochastic, then the above holds
with high probability.

Some recent neural network optimization literature supports
this assumption [47], [48]. In certain settings different than
ours, it is proved that AC can be made small, especially
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when training with large samples and using over-parametrized
networks [49]—[53]. Our experiments in Section II-E show that
AC can be relatively small in practice. In the current paper
we do not further analyze the optimization error, and more
discussion can be found in Section VI.

The second assumption assumes a function fi,, that carries
a sufficiently large L[ fia;], and will serve as the target function
to be approximated by the constructed neural network function
f con € Fi [SB

Assumption 2 (Smooth Surrogate fi,;): Suppose p # ¢ in
Pexp are given, then there exists a compactly-supported smooth
function fi,r on RP such that L[f,] := C > 0.

An example of f* and fi,, is shown in Figure 4. When
f* itself is sufficiently regular, one can set fi,, to be f*.
Otherwise, one constructs fi,, as a smooth surrogate such
that L[fw] > L[f*] — e, and then C' = L[fy] > JSD — ¢
which is positive with small enough . Formally, Assumption 2
only requires C' to be strictly positive, even not close to JSD,
which suffices to prove Theorem IV.6. Evidently, in case of
JSD being small, one would like C' to be e-close to JSD to
guarantee the strict positivity of C. We further discuss the
motivation and construction of fi,, in Section IV, where we
explain the non-uniqueness of fi,, and the possible trade-off
in the choice.

At last, we assume that the network function class has
bounded Lipschitz constant in R” uniformly as the network
approximation error ¢ approaches zero. The motivation and
validity of the assumption is provided in Section IV-C.1.

Assumption 3 (Lipschitz Regularization of Neural Network
Function): To achieve decreasing approximation threshold
g, the network function family © = ©(e) being used has
increasing complexity, and regularization of Fg can be applied
such that for all ¢,

sup Lipgn (f) < Le.
feFe

Under the three assumptions, the building blocks of the
analysis are as follows. We use ¢ to stand for a generic small
number which may differ in different places. Starting from
L[f*] =JSD > 0, JSD standing for JSD(p, q),

1. Use fir as the surrogate of f* by Assumption 2, which
gives that L[f.] > JSD — e. (As explained after
Assumption 2, this € may not need to be small as long as
L[ fir] > 0. In this roadmap, we consider the case where
L] fiar] is e-close to JSD for simplicity.)

2. A small |L[fcon) — L|fiar]| When network complexity is
sufficiently large. This relies on the network approx-
imation analysis, and we bound the needed network
complexity to scale with the intrinsic dimension d when p
and ¢ lie on or near to low-dimensional manifolds. Then
L[fcon] > JSD — 2e.

3. A small |L[feon] — Ln u[fcon]| by concentration bound.
Note that we will need to deal with the deviation of
Ly [ fu] later, so we bound sup ez, [L[f] — Lnu[f]|
based on a bound of the covering number of the network
function family Fg. In particular, for on-or-near manifold
densities the convergence rate of the estimation error is
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improved to only involving the intrinsic dimensionality d.
This step gives Ly u[feon] > JSD — 3e.
4. The optimization gives that L, «[fa] > Ln u[fcon)-

Together with Assumption 1, we have that L, «| ftr] >
JSD — AC — 3e.

5. By the bound in Step 3., |L[fu] — Ly.«[fu]| is small. Then
L[fu] >ISD — AC — 4e.

The above steps derive a non-zero lower bound of L] ftr]

which then leads to a non-zero population test statistic 7| fu]
The testing consistency is then proved by the asymptotic
normality of the empirical statistic T (3) (on testing set, rather
than training set) by CLT. Throughout the steps, an important
new analysis is for the near-manifold densities, which we
detail in Section III in a more general form. The steps towards
proving the test consistency are carried out in Section IV.

E. Examples of 1D Datasets

Before going to the theoretical analysis of the test con-
sistency, we provide an illustrative example of 1D datasets.
We conduct experiments on two sets of 1D data, in R, and in
R? but lying near to a 1D curve, respectively. The experiments
are set to verify the Assumption 1 and to observe the influence
of the intrinsic dimensionality of data. More experiments of
two-sample testing are reported in Section V.
1) Datasets, Model Training and Evaluation: The densities
are Gaussian mixtures and have analytical formulas. Plots of
the datasets are given in Figure 2 (left). Specifically,
o Example 1.
Distribution of p is (N (-2,02) + N(-1,02) +
N(0,02)+N(1,02)+N(2,02)), where o, = 0.8; Distri-
bution of ¢ is (1—8)N(0,1)+ SN (-3, ol)+ SN(4, o),
where o, = 0.5, § = 0.1.

o Example 2. The data vector (z,y) is defined by

x = %, y = Sigmoid(2t)+s, Sigmoid(z) = m,
where the random variables ¢ ~ p or ¢ as in Example 1,
and s ~ N(0, 02) independently from ¢, os = 0.05. The
finite o5 adds a small Gaussian noise to the y-coordinate
such that the 2D data lie near to a 1D manifold, given
by the curve when o, = 0.

For both examples, the network has one hidden layer of H
neurons, H = 4,8,---,512, and ReLU activation function.
The training is by stochastic optimization and 40 replicas are
conducted. For a given witness function f, either analytic or
parametrized by a trained neural network, we compute the
value of L[f] by a numerical integration on the 1D or 2D
domain.

2) Results: The values of L|f], averaged over replicas, are
plotted against H for increasing number of training samples
n = | X¢| + |Ye| = 250, 500, - - - ,4000, as shown in Figure 2
(right). The mean and standard deviation of L[f,] over replicas
are shown in Table II. As shown in the plot and the table, the
network training achieves L[ ftr] more stably as n increases,
and the curves indicate reliable pattern except for small values
of n (n =250) and the first few small values of H (H < 32).
The experimental results show that
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Example 2. Data near a 1D manifold in R?

Fig. 2.
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(Left) Datasets X ~ p and Y ~ g of the two examples in Section II-E. In the plots of Example 1, the dashed lines show the histograms of samples

in X and Y respectively, and the solid curves show the density functions p and g. In the plots of Example 2., samples in X and Y are shown as scatter plots
in R? color by the densities p and g respectively. (Right) The values of L[fy] (averaged over 40 replicas of experiments) plotted against loga (H), where H
is the width of the hidden layer in the classification neural network, a proxy for the complexity of Fg. The dashed line shows L[f*] = JISD(p, q), which is

the unconstraint maximizer of L as in (7).

o As the network complexity increases, the curve of L] flr]
goes up and approach the unconstrained maximum L[f*].
For larger n the difference L[f*] — L[fy] is smaller,
indicating that increasing training size n reduces the
influence of finite-sample. Since L|[fy] lies between L[f*]
and L|[fy], this means that the stochastic optimization
achieves a loss which is AC-close to that of fgl, sup-
porting Assumption 1, and one may furtherly expect AC'
to be small at least when H is large.

o The trend of the increase of L[f,] as the network com-
plexity increases behaves similarly for Example 1 and
Example 2, which indicates that it is the the intrinsic
geometry of the datasets that affects the efficiency of the
network to produce a witness function with differential
power.

The second observation that for on or near-manifold
datasets, only the intrinsic geometric complexity influences
the performance of neural network methods has been reported
in experimental literature [54], [55] and approximation lit-
erature [23], [28], [29]. This motivates our theoretical work
to reduce the needed network complexity to only scale with
the intrinsic complexity of the densities p and q. Our result
provides an explanation from the viewpoint of approximation
and estimation error analysis.

III. APPROXIMATION OF NEAR-MANIFOLD INTEGRALS

This section establishes a result that, for a near-manifold
density p (described by exponential decay of p away from the
manifold M), the uniform approximation of a R”-Lipschitz

function in L°°(M) implies approximation in L!(R” p) up to
an error proportional to the scale of the exponential tail. This
serves to resolve Step 2 in Section II-D, where, since only
on-manifold approximation suffices, the network complexity
scales with the intrinsic manifold dimensionality and the target
function restricted to M. The approximation in L'(RP, p)
implied by that in L°°(M) is also used in the estimation error
analysis in Steps 3-5 in Section IV.

We call this result (Theorem III.1) the near-manifold integral
approximation result. It is given in a slightly more general
form than that of L[f] as in (7), and we think the theorem can
be of independent interest. An important result which is used
in proving Theorem III.1 is Theorem III.2, which constructs
the neural network approximation of the on-manifold function.
All proofs are in Section VII.

A. The Integral Approximation Result

Let M C R be a compact smooth manifold of dimension
d. We define P, to be the class of densities in R” which
decay exponentially fast away from the manifold M, that is,
for some small 0 < o < 1, and absolute constant ¢; > 0,

Py ={p density on R” s.t. Pry.,[d(X, M) > 1] < cre” 7},
©)
where d(z, M) := infycr ||z —y||2 for any z € RP. We treat

c1 as fixed throughout the analysis and o as the parameter
indicating the size of the exponential tail.
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ni : U; — [0, 1], partition of unity function on M

Mi(z) = i (i 0 di(z)) - hi(x — ¢i(x))

Tz, (M)

=
Vi di(z)

N; = ¢;(U;) x BP~4

Mgy

Fig. 3. A diagram showing a d-dimensional manifold M embedded in the ambient space R (only part of M is shown), an atlas {(U;, $;)}1 ; which
gives a §-cover of M, and the extended partition of unity function 7; defined on the neighborhood N; of U; in RD.

The aim of the analysis is to approximately compute the
integral

1= [ s@T (@) (10)

by replacing f with a neural network function fy, where T’
is a 1D Lipschitz function so as to make the result more
general, and p € P, which concentrates near the manifold.
Due to the exponential decay of the density p, we expect the
integral I[f] to be dominated by the contribution of the integral
on the manifold. Indeed, restricting f to be on the manifold
allows us to approximate f|x¢ by a neural network whose
model complexity as approximation error — 0 only depends
on f|am and the intrinsic manifold geometry. The bound of
|I[f]— I[fo]|, which involves integral in the ambient space, is
then obtained by considering the corresponding on-manifold
integrals of f and fy respectively, which gives the following
Theorem.

The on-manifold function approximation by neural network
is built upon the result in [28], which starts from an atlas
on M, and will be set up in Section III-B. The subscript in
the notation ‘Lip’ denotes the domain on which the Lipschitz
continuity is considered.

Theorem III.1: Suppose that f : RP — R is Lipschitz on
RP, f|a is C? on the manifold, T : R — R is Lipschitz-
1, and p € P, with 0 < % Consider I[f] as in (10), then
for any € < 1, there is a neural network architecture © with
Of .M (6=%/2) + N, many trainable parameters, and a function
feon € Fo such that

[ [feon] = I[f]] < (1+2C1(M)cr0)e+C3(f, M)cro,
where

Cs(f, M) :=2C1(M)[|T0 f| Loo (my +C2(M) (Laa, s +Lipgo (f)),
(12)

Cy (M), Ca(M) are as in (19) and only depending on the
manifold-atlas, the meaning of O aq(-), No and L g, s is the
same as in Theorem III.2 (noting that f in Theorem III.2 is
flm here). In particular, none of the three changes with &,
and Ny is also independent of f but involves manifold-atlas
and D.

Y

Remark II.1: f in Theorem IIL.2 is f|aq here, and fy in
Theorem II1.2 is f.o, here. The existence of f.., is provided
by Theorem III.2 with the stated properties therein.

The proof of Theorem III.1 combines the integral com-
parison for Lipschitz functions on R” in Proposition IIL.5,
and the on-manifold function approximation in Theorem III.2.
In Theorem III.2, it is proved that Lipgo (feon) < Laas
using the wavelet construction of f.o,. In Section 1V, we
will introduce a Lipschitz regularization of the network family
(Assumption 3), and further bound the co-norm of 7' o f on
M in (12) in the two-sample testing context.

B. Manifold Atlas and On-Manifold Function Approximation

We first establish some notations for the manifold and
atlas cover. The manifold M can be covered with an atlas
{(U;, ¢:)}E |, where U; = B(z;,6) N M is an open set on
M, 0 < § < 1, the choice of which to be specified below.
The orthogonal projection ¢; : U; — R? is the map that
takes U, to the tangent plane T,,(M). We also define the
map v; : ¢;(U;) — U;, which is the inverse of ¢; due to the
one-to-one correspondence between U; and ¢;(U;). Let daq
denote the manifold geodesic distance. In the construction,
the Euclidean ball radius § is chosen to be small enough such
that B(z,25) N M is isomorphic to a ball in R¢ and there
exist positive ; and f3; s.t. Vz, 2’ € Uj,

ailldi(x) = ¢i(a’)ll2 < du(@,2’) < Billgi(x) — di(a)l2,
(13)

and for all 1,

1
041204/\425, 1<p <Bm <2 (14)

To see why this is possible: for any point x € M, there is
a 9, > 0 and constants % < a, <1< [, < 2 such that
whenever 0’ < ., the relation (13) with constants 3, c,
holds on the neighborhood U, := B(x,4’) N M, and at the
same time B(r,2§’) N M is isomorphic to a ball in RY,
This is because that the manifold is locally near Euclidean,
which means that 3, a, can be made close to 1 if 6’ — 0+.
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The existence of §, and (3, v, is due to manifold smoothness
and the finiteness of the local curvature near x. The inf,caq 05
exists and is positive due to compactness and smoothness of
M. Setting that (and the minimum with 1) as § for all z
leads to a finite cover of M which is {U;} X, with constants
«;, B; on each U;, and then the global axq, Gaq exist. Note
that while the atlas and particularly the radius § depend on the
embedding of M in the ambient space R”, the atlas remains
valid if D increases to D', M is isometrically embedded into
RD', and the reach of the manifold is maintained [56], e.g.,
when R” is isometrically embedded in R” ". Thus we view
any quantity which only depends on the d-atlas as intrinsic to
the manifold geometry.

Given the covering atlas, there exists a partition of unity
{n:}E | on M such that supp(n;)) C U;, 7 € C®(M),
and Zfil ni(z) = 1 for all z € M. Under this setting, the
following theorem constructs network function f.., (named as
fn) with the approximating property. The subscript NV stands
for the number of network parameters.

Theorem II1.2: Notations being as above, suppose f €
C?(M), then for any € < 1, there exists a four layer feed-
forward network with rectified linear unit activations and
N = Oy m(e=%?) + N, parameters, such that the network
function fy : RP — R satisfies that

If = fnlle(m) <e,

where the constant in Oy aq(-) only depends on f and
manifold-atlas, specifically, it is (d + K)é*(KCy,)%?, K
being the number of coverings in the J-atlas, the constant
Ct,, depending on d and up to 2nd manifold-derivatives
of f and the partition of unity functions of the J-atlas.
Ny = C(KdD + % log %), C being an absolute constant,
and Ny does not depend on f nor change with ¢.

Furthermore, the constructed network function fy is glob-
ally Lipschitz and Lipgo (fn) < L4, s, which is a constant
depending on f and the manifold-atlas, but independent of &
and N.

The proof is by constructing a sub-network function fy ;
on a neighborhood N; C RP around each U; C M to
approximate f7); respectively, and then taking a sum over i
using the partition of unity property. Specifically, for each U;,
the neighborhood NN; is defined as

Ni:=¢;(U;) x B~ BP .= {z e RP™?, |z|2 < 6},

(15)
thus ¢;(N;) = ¢;(U;), where we also denote ¢; as the
orthogonal projection from R” to the tangent space T}, (M).
The relation (13)(14) gives the following lemma,

Lemma II1.3: For any z € U;, ||x — ¢;(z)|| < 6,/1 — % <
s ,
70 .

The sub-network function fx;(z), * = (u,v) in local
coordinates, is constructed by first approximating fn;(v;(u)),
viewed as a function on R%, by some fni(u), u e R?, and
then extending constantly into N; for a distance < ¢ by a tent-
like function g;(v) on RP~4 which is 1 when ||v| < @5
and 0 when [v[ > 1. Lemma IIL3 guarantees that I
restricted to « € U; equals fn ;(u) because g;(v) =1 on U,.
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Thus fy by taking a sum ZZK:1 fn.i is uniformly approxi-
mating f on the manifold. The Lipschitz constant of fy is
proved by considering that of fAN,i and g; respectively which
bounds each Lipg o (fn ;). The statement regarding the global
Lipschitz continuity of fy is a byproduct of the construction
in [28], but was not explicitly stated therein. For completeness,
we provide a proof of the Theorem in Section VII.

C. Comparison of on and Near-Manifold Integrals

As we would like to analyze the integral of near manifold
density in the ambient space, we extend the partition of unity
function 7; to the neighborhood N; defined as in (15) as

(@) = ni(i o i) - hi(x — ¢i()),

where h;(z) is continuous on RP—4 vanishes outside Bf 7d,
0<h; <1and

1 232
@) = Lif ] <8 /1= 5. Lin(h) < %

This can be constructed, e.g., by h;(x) = g(||z|/d) where

g(r) = 1 on [0,,/1— %], 0 outside » > 1, and linearly
interpolating in between. This construction guarantees the
following properties of the extended function 7);’s:

Lemma III.4: For i = 1,--- K, 7); as a function in R
vanishes outside [V;, equals n; on Uj, is Lipschitz continuous

on RP, and, for all 1,

(16)

a7

Lipgo (77;) = Lipy, (i) < L,

where L, is an absolute constant depending on the
manifold-atlas.

We then establish a key result used in the proof of
Theorem III.1, which compares the ambient space integral to
a “projected” integral on the manifold.

Proposition 1I1.5 (Integral Comparison): Notations of
manifold-atlas and partition of unity functions as above.
Suppose ¢ : R — R is Lipschitz continuous on R?, p € P,
with o < %, and define

K
p(z) = Z ni(w)pi (),

where p; is an atlas dependent “projection” of the density p
to U;, the explicit formula to be given below, then

|, stz = [ g@i)im)
< (Ilgll o Ay Cr (M) + Lipgo (9)C2 (M) ero,
where ¢ as in the definition of P, (9),

Ci(M) =3KLnm, C2(M)=K(2Lpm+ 14 Prm), (19)

La as in Lemma 114, and Bpq as in (14). C1(M) and
C3(M) are absolute constants determined by the manifold
and atlas.

In particular, taking g = 1, the proposition gives that

(18)

‘/ p(z)dpm(x) — 1| < C1(M)eyo, (20)
M
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witness function

L[f] T[f]
] 3593 x107° 11221
f1 | 3592 x107%  0.9241
f2 | 33.00 x10™%  0.7067

(Plots) Left plot shows 1D densities p and g. The middle plot shows the log density ratio f* and two examples f1 and f of the

smooth and compactly-supported surrogate function fiar, which are of different regularity. (Table) The first column shows the values of L[f]
for f* and two surrogates fiar respectively. L[f*] = JSD(p, ¢). The second column shows the values of T'[f].

which means that the constructed p is close to being integral
1 on M up to an error proportional to o.

The proof of the main Theorem III.1 then follows by
combining Proposition III.5 and Theorem II1.2.

IV. CONSISTENCY OF NETWORK LOGIT TEST

In this section, we fulfill the steps listed in Section II-D
to prove the theoretical guarantee of the network logit
two-sample testing. The manifold setting of densities reduces
the dimensionality from D to d in both the approximation
error (Step 2) and the estimation error analysis (Steps 3-5).
All proofs are in Section VII.

A. Settings of Data Densities and Step 1. fi,r

We consider the following three settings of densities
p and gq,

o (General setting) Densities in R” with sub-exponential
tail. This includes compactly supported densities, which
are mostly encountered in practice.

¢ (On-manifold setting) Densities constrained on a smooth
compact manifold M C RP.

o (Near-manifold setting) Densities which are exponentially
decay away from the manifold M, as defined in (9) with
some positive ¢; and small o.

The analysis is under the same framework, where bifurca-
tions take place in the integral approximation and bounding of
the estimation error. We consider the class of sub-exponential
densities in R” as

Pexp = {p density on RY s.t. Pry.,[|| X| > t] < Ce ¥/}
(2D

for some C, ¢ > 0. One can always rescale the space to make p
and ¢ supported on a diameter-O(1) domain, when compactly
supported, or ¢ = 1, when exponentially decay, even when the
dimension D is large. This corresponds to normalizing the data
vectors to be of O(1) norm in practice. By this normalizing
argument, we assume supp(p + ¢) has diameter-O(1) when
compactly supported and generally exponentially decay with
c¢ =1 in below.

We start from Step 1. in Section II-D, and provide moti-
vation, construction and examples of fi,, which is assumed
in Assumption 2. A sub-exponential density p may vanish at
certain points in R” or have discontinuity, e.g., when supp(p)

is compact. This makes f* = log % possibly diverge at a
point, e.g., when supp(p) and supp(q) partially do not overlap.
Observe that unless p = ¢, one can always restrict to the
interior of supp(pT"’q) and consider a bounded version of f*,
e.g., f = min{max{f*, M}, —M} for M > 0, such that L[]
as in (7) is close to JSD(p, ¢) and > 0. Furthermore, L[f] can
be written as

L[f]_%<‘/RDprOf+‘/RDqTqu)’
2e$
T,(§) = log 14-—65’ T4(8)

where T' = T}, and T, all satisfy that

T : R — R is Lipschitz and Lip(7T") <1, and 7'(0) = 0.
(23)

= log (22)

2
1+ €€’

As a result, approximating the bounded function f under
L'(p) and L'(q) will approximate the integral L[f]. Thus we
can choose the approximator of f to be smooth, and, by the
sub-exponential decay of p and ¢, to be compactly supported.
According to these procedures, one can construct a fi,, to be
a smooth surrogate of f* as in Assumption 2, satisfying that
L[ fiar] is sufficiently close to L[f*] = JSD(p, ¢)> 0 and thus is
also strictly positive. We thus call L[f;.;] as C' > 0 throughout
the paper. In particular, if (p + ¢) are compactly supported,
then supp(fur) can be made within that domain. For general
sub-exponential densities, the diameter of supp(fyr) can be
made proportional to the scale parameter ¢ in Pep. By the
normalizing argument above, the diameter of supp(fur) is
O(1). Since the above constructive procedures are standard,
Assumption 2 is mild under our setting.

A example of f* and fi,, is shown in Figure 4, where p
is A/(0,1) and ¢ is a Gaussian mixture in 1D. The f* in this
case is non-vanishing in R, and has a peak around = = 5. The
two examples of fi,, gives L[f] significantly large compared
to L[f*], as shown in the table. This example also shows that
there are more than one choice of fi,, to fulfill Assumption 2.
Generally, one may trade-off between the regularity of fi,, and
making C' arbitrarily close to L[f*]. We further discuss this
in Remark IV.1.

B. Step 2. Neural Network Approximation

The neural network approximation theory provides feon
which uniformly approximates fi,; on a compact domain 2.
We consider the three settings of densities respectively.
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1) General Setting: When p and ¢ are general sub-
exponential densities on RP, we make use of the compact-
supportedness of fi,, as in Assumption 2, and set it as the
target function to approximate.

Proposition IV.1: Suppose that p # ¢, JISD(p,¢q) > 0, and
D, q are in Pey, with ¢ = 1. Under Assumption 2, there exists
a smooth and compactly supported fir With L[fir] = C > 0,
and diameter of supp(fu;) < C’. Then for any ¢ < 1, there
is a neural network architecture © with Oy, ¢/ (e7P/" log 1)
many trainable parameters, and f.,, € Fo such that

L[fcon] >C—-¢e> 0,

where the constant in Oy, c/(-) depends on up to the r-th
derivative of f,,, the diameter C’, r and D, r > 1. When p and
g are compactly supported, C’ is the diameter of supp(p + q).

As previously commented beneath Assumption 2, C’ is
an O(1) constant even when dimensionality D can be large,
thus the network complexity remains O(¢~/"). The proof
of Proposition IV.1 is by a direct application of the standard
network approximation theory, e.g. that in [25], where the sub-
exponential tail of the distribution does not affect because the
constructed network function can be made supported on the
same domain of supp(fir). More recent approximation result
which improves the approximation rate, such as [57], will
improve the complexity needed accordingly. We comment in
Remark IV.1 about the choice of fi,, in Assumption 2 and
the r used in Proposition IV.1, These trade-offs can be made
precise in specific settings of the densities, and we leave the
choices abstract here.

Remark 1V.1 (Trade-Off in the Choice of fi,, and Reg-
ularity Level r): There are two trade-offs in applying
Proposition IV.1. First, generically (e.g., the two densities are
absolutely continuous) one can make the constant C' arbitrarily
close to JSD(p, ¢), and as a result the regularity of fi,, may
worse, and then the needed network complexity will increase.
Second, the regularity level r can be chosen to be large given
that fi,r € C2°(€2), but the constant in the network complexity
bound will grow with higher order r. We illustrate the first
trade-off in Figure 4: in this example, ¢ is significantly large
on a region where p almost vanish, resulting in the log density
ratio f* having a peak in that region. Such a singularity may
create a difficulty for network to approximate f*. Replacing
f* by aregularized surrogate fi,, such as f1, one can produce a
significantly large L[ fir] = C' > 0 which allows Theorem I'V.6
to apply, and at the same time have more efficient (theoretical)
network approximation and possibly more efficient estimation
in practice. By choosing fi,. of better regularity, such as fs,
the gap between C' and JSD(p, q) is larger and C' is smaller,
but the network approximation and estimation may be even
better. In addition, using f; or fy as witness function may not
necessarily sacrifice testing power because more regular f can
reduce the variance of the test statistic (though reducing the
bias T'[f] at the same time) and both bias and variance affect
the test power, as suggested by the CLT result in Theorem IV.6.

2) On-Manifold Setting: When p and ¢ are degenerate and
constrained to a compact smooth manifold M in RP, the
integral L[f] is carried out on the manifold only. Replacing the
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Euclidean metric with the Riemannian geometry on M, and
the integral in R” with integration on M with Riemannian
volume element, the choice of a smooth fi,, with L[fu] =
C > 0 as in Assumption 2 extends. This gives the on-
manifold-version of Proposition IV.1, where the classical net-
work approximation is replaced with Theorem III.2, which
guarantees the existence of f.o, such that

”fcon - f*HLx(M) <g,

where the needed network complexity of O(e~%/?), namely
reducing the exponent factor from D to the intrinsic dimen-
sionality d. The proof of Proposition IV.1 directly extends by
replacing integration on {2 with that on M and the rest is the
same.

3) Near-Manifold Setting: When the densities decays sub-
exponentially away from the manifold, since M is compact,
the densities belong to be sub-exponential family as in the
general setting. While Proposition I'V.1 still applies, the needed
network complexity is not intrinsic. We apply the analysis in
Section III to improve this.

Proposition IV.2: Suppose that p # ¢, JISD(p,¢q) > 0, and
p.q € P, as defined in (9) with o < 1. Under Assumption 2,
there exists a smooth and compactly supported fi,, with
L{fw] = C > 0, and there is one point g € M such that
fuar(zo) = 0. Then for any ¢ < 1, there is a neural network
architecture © with Oy, a(e~%2) + Ny many trainable
parameters, and f.,, € Feo such that

L{feon] > C — (5- (1+2 c10C1(M))

+ 0 - 1 (Co(M)Lipgo (fuar) + C2(M)Lad 1,,) >, (24)

where

04(./\/1) = ZCl(M)dlam(M) + CQ(M),

and C1, C5 as in (19), the constants Cy, Cy, Cy only depend
on the manifold-atlas. The meaning of Oy, a1(+), No, L, fu
is the same as in Theorem III.1 taking f = fi,.

Remark 1V.2: About the condition that fi, vanishes at one
point on M: Since p # ¢, and by construction fi is the
smooth surrogate of f* = log %, then fi,, vanishes at least at
one point in R”. When both p and ¢ are concentrating near
the manifold M, it generically holds that f,, vanishes at least
at one point on the manifold. Thus the condition is mild and
does not pose a constraint.

The proposition bounds C' — L[fcon] to be O(e) + O(o),
where the integral of L[fy] is approximated by constructing
on-manifold approximation of the target function fi,, only,
and the network complexity is reduced to be intrinsic. By (24),
L[ fcon] is close to C' when ¢ and ¢ are sufficiently small.

C. Concentration of L,, and Steps 3-5

Steps 3 and 5 are based on the concentration of L,[fs]
close to L[fs] when fp = feon Or trained on the training set.
We omit subscript “tr”” in L,,, which emphasizes that L,, is the
empirical loss on the training samples. We will upper bound,

Authorized licensed use limited to: Duke University. Downloaded on October 22,2022 at 14:41:06 UTC from IEEE Xplore. Restrictions apply.



6642

under proper Lipschitz regularization of network function class
Fo, that

sup |L,[f] — L[f]] < ?w.h.p. for sufficiently large n, (25)
feFo

where w.h.p. stands for “with high probability” and will be
made precise. For the three settings of densities, we prove
that the bound in (25) is O(rfﬁ) for Peyp densities in RY,
O(rfﬁ) for on-manifold densities, and O(niﬁ) + O(0)
for near-manifold densities in P, 0) meaning that the constant
may involve logn (Proposition IV.5). We first introduce the
needed Lipschitz regularization of network functions, which
leads to a bound of the covering number of Fg that is used
in the concentration analysis.

1) Lipschitz Regularization of Network Functions: When
neural network is using ReLU or other continuous nonlinear
activations, the network function is typically differentiable or
piece-wise differentiable on R”, and is globally Lipschitz
because all the weights are finite. However, Lipgp (fg) for
a member fy € Fo may potentially be large. In the net-
work approximation analysis, Theorem III.2 shows that as
the approximation error € gets small the constructed network
function f.on, to approximate f is globally Lipschitz with
Lipgo (feon) < L, f, a constant only depending on manifold-
atlas and f|rq. This means that when the target function is
smooth, constraining on bounded Lipschitz constant of fy
does not prevent the network approximation of f to high
accuracy. This approximation result however does not mean
that the trained network function fmt,« has certain bounded
Lipschitz constant automatically. fmt,« with poor Lipschitz
regularity may incure larger variance of the statistic with
finite samples. Applying regularization to the network function
balances between bias and variance, and is commonly used in
practice.

We thus consider network function families with Lipschitz
regularization as assumed in Assumption 3. The uni-
versal Lipschitz constant bound Lg can be viewed as
a network hyperparameter, and we call the restricted
family Fg reg.

2) Covering Number of Regularized Fo: The Lipschitz
regularization enables bounding of the covering number of
function space by the covering number of the domain when
compact. For a compact set K C RP, define its covering
number as

N(K,r) := inf{Card(S), K C sLerBr(x)}’

r > 0.

where “Card” stands for cardinal number, B, () is the
Euclidean closed ball {y,|y — z|| < r}, and the require-
ment of S is equivalent to that S is an r-net of K. The
general covering number is denoted as N'(X,r, || - ||), where
X is the set to be covered, and r is the radius of the
closed || - ||-ball.

Lemma IV.3: Let K be a compact set in R” with covering
number N (K, r), » > 0. Consider the function class

F = {f : RD - Rv Lip]RD(f) < Lv ||f||L°°(K) < B}v
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where L > 0, B > 0. Then for any subset F’ of F
(including ' = F), and any 0 < r < % there is a finite
set I C F' which forms an (4Lr)-net of F’, ie., F' C

ngB(fv 4Lr, || f|l Lo (k) and
2B N(K,r)

7 ) . (26)

The lemma proves an upper bound for the covering number
of the whole class F, which will contain regularized network
function class as a subset. When applying to analyzing the
general and on-or-near manifold densities, the K will be a
ball in R” and the compact manifold respectively, the covering
number N (K) then differs in a factor of r =P v.s. that of 7~

3) Concentration of L,, Sup Over Network Function Fam-
ily: The concentration of L,[f] for a single Lipschitz f is
a direct result of Bernstein’s inequality for sub-exponential
random variables. Specifically, the following lemma, proved
in Appendix A, verifies that the random variables T o f(x;)
are sub-exponential due to that the density of z; is in Peyp.

Lemma IV.4: Suppose that T : R — R, Lip(T) < 1, f :
RP — R, Lipgo(f) < L, ;i ~ p,i = 1,---,n, iid., and
p is sub-exponential on RP, ie. D € Pexp with ¢ = 1, then
& =T(f(x;)) are i.i.d 1D sub-exponential random variables,
and specifically,

Pr]|& —B&| >t < Cle T,

Card(F) < (

V¢ >0, 27)

where C’ and ¢’ are absolute positive constants.
Bernstein’s inequality for sub-exponential random variables
(Corollary 2.8.3 in [58]) then gives that
> t}

where ¢, ¢} are absolute positive constant. We will control
the sup over network function family by a covering argument.
Define the regularized neural network function class for archi-
tecture © as

]:G),reg(Q) = {f S ]:97 LipRD (f) S L; 33?0 S Q7f($0) = 0}7
(29)

Pr

% Z T(f(2:)) = EanpT(f ()

2

t
< 2exp {—cf)n—} , Yo<t< L, (28)

L2

where the dependence on () is only via the assumption on
the location of a vanishing point of f. Under Assumption 3,
L equals the universal constant Lg, the subscript O is omitted
here for simplicity.
Proposition IV.5: Let B denote the ball in R” centering
at origin, R > 1. For the three density settings, suppose that
(1) General. p,q € Peyp with ¢ = 1. When p and ¢ are
compactly supported, supp(p + q) C Bg.

(2) On-manifold. Case (1) plus that supp(p+¢q) C M C Bg
in RP.

(3) Near-manifold. M as in (2), case (1) plus that p,q € P,
as defined in (9) with o < %

Suppose that the network function family, denoted as Fg req

for all cases, is Foree(Br) for case (1), and Fg ree(M)
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for cases (2) (3). Then, when n is sufficiently large, with
probability — 1 as n — oo,

sup [ Ln[f] — L{f]]

JEFO reg
C - Llogn(logn/n)'/(2+D), case (1)
< ¢ C(M) - L(logn/n)t/(+d), case (2)
C(M) - L(o + (logn/n)"/C+d) case (3)

where C‘() refers to a positive constant that may depend
on -, without (-) an absolute constant, and the notation
stands for different constants in different cases. In case (1),
if p, ¢ are compactly supported, the bound can improve
to C(R) - L(logn/n)"*+P) removing a logn factor. The
— 1 probability is exponentially high except for the non-
compactly supported case in (1).

In case (1), though the densities may have sub-exponential
tail, it is generic to assume that exists xg € Bpr such that
p(zo) = q(zo). Since log 2 vanishes at least at one point
inside Bgr, we consider network functions that also have this
property. The condition that R > 1 is only for convenience,
and does not pose any constraint to our setting. Note that the
estimation error in cases (2) improves from the generic case
(1) by reducing the D to the intrinsic dimensionality d, and in
the near-manifold case, the bound adds another term of O(o),
similar to the result of the approximation error. The analysis
of case (3) again uses the integral comparison technique in
Section III.

As a remark, if p, ¢ have compact support {2 which has a
smaller volume than BE, then the covering number N(Q, )
can be made < N(BE,r), the latter leading to the —H%
rate in case (1). This is the fundamental reason that the rate
can be improved to — Wld for on or near manifold densities in
cases (2) and (3). Our proof technique bounds the estimation
error by the covering complexity of the “essential” support
of the densities, allowing certain sub-exponential tail, which
can be viewed as capturing the essential complexity of the
densities. The manifold setting is a special case that is natural
in applications.

D. Testing Power and Consistency of Network-Logit Test

We have now finished the 5 steps in Section II-D, which
allows to establish that (Theorem IV.6(1))

L{fu] > Ll fa] = Lgap > 0, (30)
where Lgap < L[fiar] = C, and
L = AC + O(e) + O(0) + O(n; /), G1)

D, when p, g are general sub-exponential

densities in RY,

d =
d, when p, ¢ are on or near a d-dimensional
manifold M.
Recall that f,, is a smooth surrogate of f* = logg, and

C' can approach L[f*] =JSD(p,q) if f* itself is regular.
In (31), € is the network approximation error, o is the sub-
exponential decay scale of near-manifold densities (and does
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not appear for general or on-manifold density settings), AC' is
the optimization error (Assumption 1), and the last term which
decays with ny, is the estimation error.

When Ly, < C, (30) guarantees that L] ful > 0. With
an elementary lemma showing that T'[f] > 4L[f], which is
Lemma VII.8 (the tightness of the relaxation is explained in the
remark below and in Lemma VIL9), it gives that T[f,] > 0.
This sets a strictly positive expectation of the test statistic T.
The testing consistency then follows by standard CLT, after
proving a bounded variance of the test statistic.

We are ready to prove the main theorem of this section:

Theorem IV.6: Notations being as above, under
Assumptions 1, 2, 3, and the generic settings in
Proposition IV.5. Let fu be the trained network function from
ngy- many samples of X and Y, and 7;, be the test statistic
evaluated on the testing set where | X| = |Yee| = n. If AC,
e, o are sufficiently small and n;, sufficiently large such that
Lgap in (31) is less than C, then

(1) When p # ¢, ET,, = T|[fs] > 0, and specifically ET}, >
4(C' — Lgap).

(2) When p = ¢, /nT,, — N(0,03,,) in distribution. When
p # 4, v/n(T,, —ET,,) — N(0, 0%, ) in distribution. o3,
and o4, are all bounded by Lg multiplied by an absolute
constant.

Furthermore, the needed network complexity is bounded by
e O(cP / ") for r-regular fi, when p, ¢ are general sub-
exponential densities in RP,
e O(c=%2) for C? fur|pm, when p, ¢ are on or near a
d-dimensional compact smooth manifold M.

Remark 1V.3: The constants in all the big O’s in (31) may
depend on the network Lipchitz upper bound Lg, the function
fiar, the diameter of the domain where the densities lie on
(in case of exponential decay, the scale ¢ in Peyp), and the
manifold-atlas if the densities are on-or-near manifold.

The above theorem directly gives the asymptotic test con-
sistency in the next corollary:

Corollary 1V.7: Suppose Theorem IV.6 holds and notations
are as therein, and when p # ¢, T := ET,, > 4(L|fu] —
Lgap) > 0. Let 0 < o < 1 be the two-sample test level, typi-

cally a = 0.05, and the test threshold be 7,, = 0\750 U1(a),

where ¥(z) := fxoo \/%—We*yZ/Qdy. Then, when p = ¢, as
n = ng — 00, Pr[T,, > 7,] — a; When p # ¢, as n — oo,
Pr[T, > 1] — 1.

To go beyond the asymptotic consistency as n — oo proved
in the corollary, one may derive finite-sample testing power
lower bound using a control of speed of convergence in CLT,
e.g., the Berry-Esseen theorem, together with the moment
bound of the random variable f(z;) by the universal Lipschitz
constant bound Lg similarly as in the proof of Theorem IV.6.
Specifically, the standard Berry-Esseen bound implies that for
large but finite 7, a test power of 1 — ¢ — O(n~'/2) can be
guaranteed when /nT is greater than W='(¢) + O(1) up
to multiplying an O(1) constant. This shows that the test
power approaches 1 as long as the value of 7 (which is
lower-bounded by 4(L{ fiar] — Leap) by our analysis) exceeds a
threshold at the order of n~'/2. Further details omitted here.
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01 gmmd-med sig=1.0702 net-acc 5 net-logit
gmmd  net-acc  net-logit 0.05 0.5 0 P )
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Fig. 5. (Plots) Top-left: Two densities p and ¢ in Eg.3, 6 = 0.08. Right three columns: The test statistic T on | Xie| = |Yie| = 100 samples i.e. under H1
(red cross) and the histogram of 7" under 1000 permutation tests i.e. Ho (blue curve). The population witness function (black curve) and the empirical one
evaluated on test data (red cross for X, blue crosses for Yi) of the three methods are shown in the bottom row. (Table) The mean, standard deviation (“std”)
and median of the test power computed over nep = 20 replicas. The randomness of test power estimation is explained in Appendix C.

V. EXPERIMENTS

This section conducts numerical experiments of the pro-
posed two-sample test and compares with alternatives, on
synthetic 1D and manifold densities and evaluating hand-
written digits generating models. Codes are available at the
public repository https://github.com/xycheng/net_logit_test.

A. Synthetic 1D Normal Density Departure

The following three examples all have x; ~ N(0,1) and

o Eg.1. Mean shift, y; ~ N(d,1);

« Eg.2. Dilation of variance, y; ~ N(0, (1 +6)?);

« Eg.3. Mixture with bump at tail, y; ~ (1 — §)N(0,1) +

SN (3, ).

We examine the tests: (1) net-acc, (2) net-logit, (3) gmmd
(setting kernel bandwidth ¢ to be median distance), (4) gmmd-
ad (selecting o adaptively using the training set), and
(5) gmmd+ (using all training and testing samples, median o),
(6) gmmd++ (using all data and post-selecting o over a
range). Tests (1)-(4) only use the test set when measuring the
power, while (5)-(6) access both the training and test sets.
More details about experimental set-ups are in Appendix C.
The test powers of all the methods are plotted in Figure 6 for
the three examples. For Eg.1 and Eg.2, gmmd+, gmmd++
are performing consistently better than the other four which
only access the test data set, particularly in Eg.1. In Eg.3,
net-logit gives stronger power than gmmd+, gmmd++ when
nan > 200, where net-acc remains inferior to the two. Among
the four methods (1)-(4), the performances on Eg.1 are com-
parable, and net-logit gives better power on Eg.2 and Eg. 3.
This is especially the case of Eg. 3, where net-logit shows
the most significant advantage. The test powers, empirical and
population witness functions of tests (1)(2)(3) on E.g. 3 are
shown in Figure 5, and more details in Appendix C-F.

B. Comparison of Test-Power by Witness Function

Generally, there is no best test methods to use for all data
sets, and the test power depends on both method and data.

Here we study Eg. 3. in more detail, comparing the witness
functions of the network-based and kernel-based methods, so
as to explain the empirical advantage of net-logit in this case.

The analysis and experiments in Section II-E show that,
with large samples and sufficiently large neural network, the
trained witness function ft,« approaches the population witness
function f* in terms of the population divergence L[f]. Similar
theories hold for kernel MMD tests. Thus comparing test
power based on population witness functions sheds light on
the behavior of the tests.

1) Witness Function: The population witness functions for
gmmd is wy(z) = [go(x = y)(p(y) — ¢W))dy, go(2) :=
eI/ (2"2), and its empirical counterpart is by replacing p
and ¢ with the empirical densities of X, and Y. respectively.
Recall that the population and empirical witness function for
net-logit test are f*(x) = log% and fy respectively. For
net-acc, when |X| = [Ye|, it is equivalent to using the
sign (taking value of +1) of fy instead of fy in computing
the test statistic in (3), as shown in (A.1). Thus we call
Sign(fp(x)) the empirical witness function for the ner-acc
test, and Sign(f*(z)) the population one. The population and
empirical witness functions (in one test run) are plotted in
Figure 5. Comparing to gmmd, the witness function of net-
logit, i.e., the log density ratio, weighs larger at the differential
region which is at the tail of the density p. Taking the sign of
fo as done in net-acc test introduces discontinuity of at the
decision boundary neat x = 2, which leads to comparatively
larger variance of T'. This intuitively explains why the nez-logit
test performs better.

2) Quantitative Comparison: To further explain the testing
power difference, we give a quantitative comparison. Let
w be the population witness function of the three methods
respectively, and define

Mean :=E, ., yq(w(X) —w(Y)),
Std = /Var,, (10(X)) + Vary ~q(w(Y)).

The larger the Mean, and the smaller the Std, the more
powerful the test is going to be. To remove the scaling
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Fig. 6. Three examples of 1D data in Section V-A. Test power of: gmmd (blue), gmmd-ad (green), net-acc (pink), net-logit (red), error bar standing for
the standard deviation of the estimated power over 20 replicas, and gmmd+ (blue dash), gmmd++ (green dash). ny;; = |X| + |Y| including half-half

training-testing split.

5 population witness functions

Mean Std Mean/Std 0
gmmd 0.0087 0.0421 0.2075 \ /
net-acc 0.1579 0.6087 0.2594 -2
net-logit 0.2445 0.9011 0.2714 ——gmmd
—— net-logit V
-4 net-acc
6 4 -2 0 2 4 6
Fig. 7. (Table) The values of Mean, Std, and their ratio of the three tests

in Figure 5. (Right plot) The population witness functions of the three tests,
normalized to have Std = 1.

equivalence (a test statistic multiplied by a positive constant
gives the same test power), we will use the ratio of Mean
and Std as an indicator of test power. A similar approach has
been taken to study kernel MMD [6], [59]. Using the explicit
formula of p and ¢ in Eg. 3, the values of Mean and Std
can be analytically computed, shown in the table in Figure 7,
where net-logit gives the largest ratio. The normalized witness
functions are plotted in Figure 7, where net-logit witness
function gives the largest weights to the differential region
of p and ¢ in this example.

C. Synthetic 2D Manifold Density

The example consists of p and ¢ which lie on the sphere
S2, a 2-dimensional manifold embedded in R3. A realization
of samples X and Y is shown in the left of Figure 8, and
the formula of densities are given in Appendix D. Figure 8
plots the test power of the 5 methods over increasing density
departure § and sample size. It can been seen that net-logit
gives the fastest growth of power as § increases and the
strongest average power for all n,, but the variation can be
large if the power is not close to 1. The gmmd-ad improves
the power of gmmd, but does not do as well as ner-acc,

which again performs inferior to net-logit. net-logit performs
better than gmmd++ (post-selecting o, green dash) and the
advantage is more evident when n,; > 200. This indicates
that larger sample size can be particularly in favor of network-
based tests, which rely on the search in the network parameter
space optimized on a separated training set.

D. Generated vs Authentic MNIST Data

As a real-world data example, we study the task of distin-
guishing “faked” MNIST samples produced by a pre-trained
generative network from authentic ones. The MNIST dataset
consists of gray-scale hand-written digits of size 28 x 28 falling
into 10 classes, which is relatively simple and thus is viewed
to lie near to low-dimensional manifolds in the ambient space
of R™*, More details about the generative and classification
networks in Appendix E. We compare (1) net-acc (2) net-logit
(3) gmmd (4) gmmd-ad on two samples X and Y, half of
D = X UY used for training. X consists of authentic MNIST
samples, and Y of a mixture of authentic and faked ones,
i.e. p = pdata and q = (1 - 5)pdata + 0Pmodel, 0 € [0; 1]' The
test power for increasing ¢ and sample size nqy = |D| up to
500 is shown in Figure 10, where net-logit gives the strongest
power throughout all cases, and the two network-based tests
significantly outperforms the other two when n4; > 300. The
adaptive choice of kernel bandwidth also improves the power
over the median-distance choice. The standard deviation of
the net-acc and net-logit power is less than that of gmmd-ad
power when n,; = 300 and § > 0.4, when the former two
give near to 1 power. We also observe that the training of
the CNN classifier in this experiment is more stable than that
of the previous fully-connected network on low-dimensional
synthetic data, as revealed in the training error evolution plots,
c.f. Figure 12 Figure 15. With another pre-trained model
which generates faked images that are closer to authentic ones,
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Fig. 8. Test power of the different tests on data on sphere in R® in Section V-C. Markers same as in Figure 6.
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Fig. 9. Two-sample problem of differentiating p, the density of authentic MNIST digits, and ¢ which contains a 6 = 0.4 fraction of digits “faked” by
a generative model. |X| = |Y| = 500. The gmmd-ad and net-logit tests use half as training set, and test on the other |Di| = 500 samples. Left and

middle: the most likely fake digits identified by the empirical witness functions of the two tests, red box indicates authentic digits incorrectly identified.
Right: The test statistic 7" (1) and the histogram of its value under 1000 permutation tests (o).
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Test power of gmmd (blue) gmmd-ad (green) net-acc (pink) net-logit (red) on differentiating authentic vs synthesized MNIST digits produced by

a generative model, where sample X has all authentic ones, and ¢ stands for the fraction of synthesized ones in Y, ng;; = |X| + |Y| including half-half

training-testing split.

net-logit again shows the best discriminative power, net-acc
gives comparable performance starting n,; = 300, while
gmmd and gmmd-ad gives trivial power up to ng; = 500,
c.f. Figure 14.

Setting n,; = 1000, 6 = 0.4, the results of gmmd-ad and
net-logit in one test run is shown in Figure 9. Based on the
nan = 500 plot in Figure 10, both tests shall have non-trivial
power, and that of net-logit shall be close to 1. In this test, both
methods correctly rejects H, yet the net-logit statistic deviates
from the distribution of T|Ho more significantly, indicating
stronger power (shown in the histogram plots). To compare the
detecting ability of the empirical witness function w of gmmd-
ad and net-logit, for each method, we sort the 250 samples in
Y (among which 100 are faked ones) in ascending order of the
value of w and select the first 100 samples. These are samples
which the model views as most likely to be faked ones. The
success rate of identifying faked samples is about 60 by gmmd-
ad w, and about 90 by net-logit w. The first 48 most likely
faked digits identified with both witness functions are plotted

in Figure 9, where gmmd-ad w incorrectly includes 5 authentic
samples, and none by net-logit w.

VI. DISCUSSION

The neural network approximation analysis is under the
framework of wavelet construction which are realized by a
shallow network. It can be worthwhile to go beyond the
framework of [28] and consider deeper network architecture,
as well as more than feed-forward network architectures,
e.g., residual networks. Method-wise, for the objective of
logistic (softmax) loss, as has been pointed out in [39], the
training of the classifier can be interpreted as minimizing
a Bregman divergence between the estimated logit fp and
the true log density ratio f* = log(p/q). If one views the
trained fy as an estimator of f*, the approximation fy =~ f*
suggests that T[fo] =~ T[f*] = [(p — q)log £ = KL(p||q) +
KL(q||p) = SKL(p, ¢) which is the symmetric KL divergence
(SKL). As a result, the proposed statistic T can be viewed
as estimating SKL(p, ¢). The analysis in the current paper
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does not directly gives estimation guarantee of SKL(p,q),
however, the approximation analysis constructs neural network
approximator of f* and our approximation theory may be
used in future analysis of estimating SKL. Meanwhile, one
can try to extend to other training objectives than softmax
loss, such as f-divergences [11], [22] and testing power
estimators [13], [41], [42].

For the two-sample problem, the analysis in this paper cov-
ers approximation and estimation error, and more understand-
ing of network optimization is needed so as to better study
network classification two-sample test methods. Empirically,
we have not systematically explored the influence of different
network architectures on optimization. Theoretically, a future
direction is to extend our work to optimization guarantees,
currently contained within Assumption 1.  Among recent
results on controlling optimization error of neural networks is
the analysis of the neural tangent kernel [52], [53], [60], which
also implies control of generalization error [61] and approx-
imation error [62]. For two-sample testing, NTK analysis of
training dynamics has been recently considered for a trained
kernel MMD [63]. However, most NTK analysis in literature
particularly applies to L2 cost functions and linear output
networks, and certain assumptions of the NTK break down
when these are no longer the case [64]. As the current paper
focuses on the logistic (cross-entropy) loss, the connection
between NTK, as well as other neural network optimization
analysis, can be further explored in future work.

VII. PROOFS
A. Proofs in Section III

1) Proofs in Section III-B:
Proof of Lemma II1.3: For any x € U; = B(x;,0) N M,
we have that (note that ¢;(z;) = x;)

2 =zl < dm(z,2i) < Billdi(x) — =],

where the first inequality is by that geodesic distance is always
larger than the Euclidean distance, and the second inequality
is by (13). This gives that

1
¢i(z) — will = =llz — i (32)
K]
Meanwhile, as ¢; is an orthogonal projection, we have that
llz — xi]|? = ||¢i(z) — z;||* + ||z — ¢s(z)||?, and then with
(32) it gives that

o= ¢i(@)]| < llz = 2ill\/1—1/87 < d/1 = 1/B,

which is further bounded by @5 by 8; <2 asin (14). O
Proof of Theorem II1.2: The construction of fx was orig-
inally posed in [28], but added here for completeness. The
bound on the Lipschitz constant uses additional new analysis.
Under the setup of manifold atlas {(U;, ¢;)}X ,, the net-
work function is
K
fn(z) =" fnilx), = €RP, (33)
i=1
where each f_N,i is constructed near U; in the following way.
For each i, we work with the local coordinates =z = (u,v),
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u = ¢;(xr) € R% and v € RP~4, and we use the bar to denote
that the function is defined in R”. We utilize a wavelet-type
construction through combinations of Relu activation units in
order to create a multiscale approximation scheme.

This begins with the construction of a trapezoid based
scaling function

t(z) := Relu(z + 3) — Relu(z + 1)

— Relu(z — 1) 4+ Relu(xz — 3) (34)
d
rp(u) = cqRelu [ Y427 (u; — b)) —2(d - 1) | |
j=1
k=0,1,2,---, be2 iZy, (35)

where ¢4 is a constant that normalizes the scaling function to
be unit norm. Similarly, one can construct a wavelet function

Urp(u) == 2% (orp(u) — 27 o 1(u)) -

The wavelet terms are summed to give a local approximation,

f;(u) = Z ck’bd)k,b(u), k= 0, 1,2, ceey be 2_§Zd.
(k,b)

(36)

(37)

The finite-term summation f ~,; will be a truncation k < K04
of f;, and the network function

fni(z) :== Relu(Relu(f;(u)) + Fogs(v) — Fp)
— Relu(Relu(— fi(u)) + Fogs(v) — Fp),
Fo := || fllpeeam + 1,

where g5 : R” — R will be constructed such that, C; and
C5 being absolute constants,

(38)

(1) gs is continuous on R”, supp(gs) C BP, 0 < gs(v) <1
and gs(v) = 1 if [|v]] < ¥%20.

(2) gs is piece-wise differentiable on R”, and [|Vg;|| < %
when differentiable.

(3) gs(v) can be represented by
SC?DW many parameters.

Note that while v = z — ¢;(z) lies in (T}, (M))* which is

(D — d)-dimensional space, in practice our network g; takes

the coordinates of v in R” (to avoid D-by-D dense connection

in the change of coordinate layer), thus gs is constructed to

be a mapping from R” to R with the properties (1)-(3).

Lemma VIL1: Given 0 < § < 1, a function g : RP - R
that satisfies (1)(2)(3) can be constructed.

The approximation construction proceeds by setting the
coefficients ¢ p = (f1;, z/?k,b> in (37), where 7; is the partition
of unity function on Uj;, the function f7; is viewed as a
function on R? (due to one-to-one correspondence between
U,; and ¢;(U;)) which is supported on ¢;(U;), and the inner
product is taking on R<. The function z/?k,b is the dual of basis
kb, which is compactly supported on R%.

The following two technical lemmas provide two properties
(P1) and (P2) concerning the convergence of the infinite
summation in (37). First observe that while b is on an infinite
grid in R? as in (37), since the functions ¢y, »(u) are compactly
supported, only finitely many b are involved in the summation

a network with
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for each k. Specifically, the 2 i spacing of b; in each of the
d direction matches the wavelet basis spacial rescaling 24 in
(35), which gives the following lemma.

Lemma VIL2 (P1): In (37), at each u € R%, for each k,
at most 12¢ many b’s are involved in the summation.

Another important property is the decaying of the wavelet
coefficients ¢y, as k increases due to the C? regularity of the
function f7; on RY,

Lemma VIL3 (P2): For any band k =0,1,2,- -+, |cp | <
Ca, tm: 9~ +2), the constant depending on the 2nd derivative
of fn; as a function on R¢ and the dimension d.

For any € < 1, let le(u) be the k < k4. truncation of
(37), and k4, large enough such that

ST o120 g2 G422 <, (39)
k>Emaax

which is possible due to the summability of 272F/d,

By Lemmas VII.2 and VIIL.3, this proves that

|fN,i(u) — fni(u)] <e,
Yu € R? in the local coordinate on T}, (M). (40)
We now claim that, with the definition (38),

|fn.i(z) — fni(z)] <€, Vo€ M evennotinU;, (41)

and to verify this, consider three cases respectively,

(1) = = (u,v) € U;. By Property (1) of gs and Lemma II1.3,
gs(v) = 1. Then (38) becomes

fn.,i(z) = Relu(Relu(fn i(u)))

= fN,i(U)7

and then (41) follows by (40).

(i) z ¢ U, but ¢;(x) € ¢;(U;). This only happens if ||z —
¢i(x)]| > 6. (Otherwise, since ||¢;(z) — x;|| < 4, then |l —
;]| < 24. This means that x € BZ}(x;), while B (z;) N M
is isomorphic to ball in R? by construction, c.f. beginning of
Section III-B, thus ¢;(z) € ¢;(U;) only when z € U, drawing
a contradiction.) Thus in the local coordinates z = (u,v),
u = ¢;(x), ||v|| > 0, and then by Property (1) of gs, gs(v) = 0.
Note that while fn;(z) = 0, fn;(u) may not be zero due
to that u = ¢i(x) € ¢;(U;). However, |fni(u)| < [f(u)| <

_ Re]u(Relu(—fN,i(u)))

| fI| Lo (Mm)» and then (40) gives that | fi ;(u)| < e[ fn;(u)| <
L+ || fll L) = Fo. Inserting into (38) gives that
Fn.i(z) = Relu(Relu(fy s (u)) — Fo)

— Relu(Relu(— fni(u)) — Fy) = 0,

thus (41) holds.

(i) « ¢ U;, and ¢;(x) ¢ ¢:i(U;). Again fn;(z) = 0.
Since fn;(u) vanishes outside ¢;(U;), fn:(u) = 0. By (40),
|fn.i(u)| < e. Note that gs(v) may not be zero, but remains
between 0 and 1. Note that Relu(fx.i(u)) = (fn.i(u))t €
[0,¢), and then

fv,i(@)T = Relu((fn,i(u) " + Fogs(v) — Fo)
< (fnau)t <e (42)
Similarly,
Fn,i(@)™ = Relu((fn,i(u))” + Fogs(v) — Fp)
< (fvilw)” <e 43)
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For each u, only one of (fy.i(u))* is non zero, and when

(fNi( ))* = 0 then so is fxi(x)", same for minus. Thus
fvi(x) = fni(@)™ = fai(z)” satisfies that |fvi(z)| < e
which proves (41).

Given (41), back to (33), and by that -5 n; =1 on M,
for any x € M,

|fn( )| < Z v
Setting ¢ := & to begin with, which determines k4. in (39),
finishes the approximation part of the Theorem, and to verify
the claimed number of neural network parameters, we use big
O to denote multiplying an absolute constant here:

— foi(z)] < eK.

o The first layer which conducts change of coordinate of
x € RP to local coordinates around U;, for each i, takes
O(dD) parameters. Because u € R? is determined by
the projection ¢;, which is a D-to-d linear transform,
of z. := (x —z;), and v = . — ¢;(z.) can be computed
in another layer which has O(dD) weights.

e On the branch sub-network for each i, the layer which
produces fy; takes the input of fNi(u) and gs(v) and
uses O(1) weights In fy(u), the number of basis
#{(k,b)} = k’”g‘ (26)42% = O(§92*ma=), because the
diameter of ¢;(U;) < 26 due to U; C Bs(x;)P, thus
a grid of b on (—4,6)? suffices. kyqap is set in (39)
which satisfies 2Fmer < (i—)" %2, where Ch

K,
is a constant depending on fm,f él and atlas. Let C' :=
maxX | ¢ ;> and then Qkmas < = d/2(K(C")/2,
We use thls kemaz for all atlas i subnet, thus #{(k,0)} <
O(0%~4/?(KC")%?). The bottom layer which con-
structs @y, p(u) takes O(d#{(k,b)}) many weights, and
can be shared across i. The upper layer which linearly
combines 1y, from ¢y ;’s to form fNﬂ- involves i-atlas
specific coefficients ¢y, and uses O(#{(k,b)}) many
weights. In gs(v), the 2 layer network uses O(2 log 2)
parameters by Property (3) of g5, and are shared
across all i.

Summing over the K atlas sub-networks, the total number
of parameters is, omitting absolute constant,

KdD + (d + K)§%e~42(KC")¥/? + ? log ?

= Cf7ME_d/2 + No,

D D
Crm = (d+ K)0UKCHYY? Ny := KdD + ~ log—.

We now prove the Lipschitz constant part of the Theorem.
For fixed ¢, we first bound Lipgp (fn ;). Working with local
coordinates z = (u,v), for any z,2’ € RP,

|fN,i(x) - fN,i(x/)l
<fnvi@)t = fna@) T+ [ (@)™ = fva(a’) 7|
< 2| fwvi(w) = i (u)] + Folgs(v) — gs(v')]).

To bound Lipga(fn.i), recall that

(44)

kmaz

Z chbwkb

fN’L
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and in (36), (35), by that ¢ is piece-wise differentiable on R,
the function ¢y, 3, is piece-wise differentiable on R4, and then
s0 is ¥, We have that

IVors (W)l < leall|l2*/“1al| = |eal (- 226/9)/
=, 2% k=012, (45)

where ¢/, is a constant depending on d. Then,
IVks(w)]| < 2% (| Vinp ()l + 27| Vior-15(w)])
<25d,(24 +2712"7) < gcﬁiﬁﬁ, (46)

and then, for any u,u’ € RY,

|fN,i(U) - fN,i(u/)|
Z CrpWPr,p(u) — Z ClepWrp(u)

beB, beB,

kmaa

-3

k=0

(B, denoting the set of b’s involved in the summation)

kmaz
<S> lenllvrp(u) — v p()]
k=0 beEB,UB,/
kmaz 3
2k k k k
< (2129 Capp 27T S22 Ju— || (47)
k=0
kmax
_k
= |lu—w/[|Cra Y 274
k=0

< lu =/ [|Cr (1 =27Vt =t u = u/||C) u,

where Cy aq is a constant depending on function f and
manifold-atlas, including d and 7;, and so is C} .
In the derivation above, the inequality (47) follows by (P1)
Lemma VIIL.2, (P2) Lemma VIL.3, Eqn. (46), and the piece-
wise continuous differentiability of vy, in R?. This proves
that Lipga (fn.i) < Cf u-

Meanwhile, Property (2) of gs gives that Lipgp—a(gs) <

%, C1 being absolute constant. Then (44) continues as below,
2 = (u,v) being orthogonal decomposition,

C
(44) < 2Ch pllu— /| + Fo o = ']}
C
< 2ACh i+ Fos V2l — 2’| = O pullw — 2,
and this proves that Lipgn (fn ;) < C¥ m- By (33),

which is a constant depending on f and manifold-atlas
only. O

Proof of Lemma VIL1: Given 0 < § <1 fixed, we prove
the construction of g = g5 : R™ — R for any dimension m,
and take m = D. Let g be in the form of

g(v) :=ts Zy(vj) , where for z € R,

Jj=1

x —0.862 x — 2
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Fig. 11. The construction of gs : RP — R. (Left) t5 as in (48). (Right)
y(z) by 2(L + 1) Relu’s as in (49) (50), only the = > O part is shown and
y(z) = y(—=).

and y : R — R will be an approximation of y(x) ~ 2% for
|z] < 1. ts(z) = 1 when = < 0.86%, 0 when = > 42, and
linearly interpolating in between, see Figure 11. To construct
y, define r := %5, 0<r <L, define a sequence of points

20°
Ty = #, = pri—1, p=1+2r>1,
l=1,---,L, L is the smallest integer s.t. x, = xopL > 1.
and let y(z) be a piece-linear function, y(—z) = y(x), and

y(z) = x% when |z| < xo, y(z;) = 27, 1 = 1,---, L, and
y(z) = 22 for x > wy, see Figure 11. Such y(z) can be
represented by 2(L + 1) many Relu functions, specifically,

y(x) = yi () + ys(—2) — 23, (49)

a:=xz—1+x,l=1,--- L, ai4+1 > ay,
Yy (x) = 22 + arRelu(z — z0) + (ag — a1)Relu(z — 1)+
<-4+ (ar —ap—1)Relu(z —xr_1) — arRelu(x — xp).
(50)

Since y(z;) = 27 for all 0 <! < L, and by convexity of z?,
we have that

(pl) y(z) > 2% whenever |z| < zp, and y(x) = 22 > 1
when |z| > zf.

We also claim that
P2) 0 < y(z) <23+ (1 +r)2? := Y(x), for all z.

(p3) y is piece-wise linear on R, when x # x;, 3/ (x) exists,
and ¥/ = 0 if |z| < mo or |z| > =z, |y (x)] < 2.1]z| if
xo < |z| < 2.

To verify (p2) and (p3): By symmetry of y, only consider
when * > 0. When z < zg, y(z) = 22 < Y(x). For
r € [w—1,7], on the left end point y(z;—1) = 27, <
(1+r)2? | < Y(x-1), and y'(z) = a; on the interval, also
;= (1 + 2r)x;_q, then

Y —y)(z) =200 +r)z—a =21+ )z — (11 + 1)

=21+7r)(z—x1-1) >0, 1 <z <z,

Thus Y > y on [r;—1,x;]. When |z| > 2z, Y(z) > (1 +
r)z? >z = y(x). Thus (p2) holds.

The differentiability of y is by construction, and when
g <z <z, l=1,--- L y(x) =a = x—1 +x1 =
21-12(1 +7) < 22(1 +r) < 2.1 x, by that » < 0.05. Thus
(p3) holds.
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We are ready to prove the properties (1)-(3) of g defined as
in (48):

(1) y : R — R is continuous on R, and so is ts, then g is
continuous on R™. ¢s takes value between O and 1, and so is
g. For any ||v||gm > 9, E; L] > 6%, by (pl) we have that
> y(vj) > 0%, (If all |vj| <, y(v;) > 3, then the sum
> >3, w7 > 6% 1f any one |vj|>xL,y( )>1>52 then

s0 is the sum.) Then by that ¢5(z) = 0 if z > §2, g(v) = 0.
This proves that g vanishes outside Bj".
For any [|v[|lzm < 24, we have doi, vi < 0.756%, then

(p2) gives that

S oule) € 3@+ (1 +md)

=agm+ (1+7)|o]? = * + (1 +7)[|v[?
< (0.058)% +1.05 - 0.7562
< 0.86%, (by that 7 = 0.056 < 0.05)

and then, by that t5(z) = 1 when x < 0.862, g(v) = 1.

(2) y(v;) applies to each coordinate v; and y is piece-
wise linear on R, and ¢5 is also piece-wise linear on R,
thus ¢ is piece-wise linear on R™ and thus piece-wise dif-
ferentiable. By chain rule, 0,9(v) = t5(3_;y(vj))y (v;)
and ¢} is non-zero only if >, y(vy) € (0. 852 62), in which
case [15(5%, y(v;))] = gbsr and Iy (07)] < 2.1]u5] by (p3).
(Because y(v]) > 0and ), y(v;) < 6% each y(vy) < 62 <1,
thus |v;| < zp, and |y (x )| < 2.1|x| as long as |z| < zL).
Also note that as proved in (1), one needs ||v|| < ¢ to make
>oiyvy) < §2. This means that Vg(v), when existing, is
non-zero only when [[v[| < ¢ and >, y(v;) € (0.862,42), and

then
v 2.1 j = 17 ) )
00,90)] < G320l m
which gives that
10.5 , 10.5)
19912 < (o2 < (15225 = U031

This proves (2) with C’l =10.5.

(3) Representing g as a two-layer neural network, the top
layer t5 has 2 neurons and each takes m inputs, thus it has
O(m) weights, here we use big O to denote multiplying an
absolute constant and same below. The bottom layer branches
for the m coordinates, each branch is a sub-network y(v,)
with one hidden layer of width 2(L 4 1) and a scalar input
vj, and thus it has O(L) weights, and all the m branches
has O(mL) weights. Thus the total number of parameters is
O(m(1+ L)). By definition, (1 +2r)£~1 < 1, thus, by that
log(1+2r) > r (0 <r <0.05),

log v/m + log *

1 20

= logm + log =

LSl—l——:l—FM
r

0.056 ’

this proves that total number of network parameters < C'm(2+
%) for an absolute constant C', which is (3) with
C5 being an absolute constant. O

Proof of Lemma VII.2: Note that supp(t(z)) C [-3,3].
Because of this, for a fixed k, supp(¢x.0) C 27%/4[—3, 3] and
supp (o) C 27 (F=D/d[—3 3|4 c 27#/4[—6, 6]%. Recall that
the grid of shifts satisfies b € 27%/47Z,,. Because the support
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and the shifts scale identically with k, we only need count the
overlap for £ = 0. For a given u; for j = 1,...,d, there are
at most 12 b; values where u; is contained inside the support.
This is true for each j, meaning there are 12¢ wavelets g
such that g ,(u) # 0. O

Proof of Lemma VII.3: For ease of notation, let g = f;.
First, note that the coefficients satisfy

Ckb = <?£k,b,9>
=22 [ G20~ b)g(a)do
= 2’“/2/ ~D(y)g(27M My + b)dy.
supp(t))

By the assumption that g is twice differentiable, we can take
a Taylor expansion of g around b and arrive at

/ P(y)g(2 My + b)dy

supp(¢)

:/ Bly) (90) + 27y, Vo(b))
supp(¢))

F3IV2aOH all + Ol ) d

By construction of vy 3, a simple calculation shows that vy,
has two vanishing moments (see [28] Proposition C.1 for a full
calculation). Because the dual wavelet 1, ; can be expressed
in terms of a convolution with ;o (see [65]), z/?k,b inherits
two vanishing moments as well. This means

(Wi, g)| < C27F2272M/4)| 72 (b)) D)yl dy.

supp(¢))
The only thing left to show is that fsupp(@@/;(y)HyHQ
dy < oo. This can be shown as follows: Because v is
compactly supported, it trivially satisfies

Ca
lp(z)] < A+ ]9

for any o > 0. Since ), is constructed to satisfy the
necessary properties to be a wavelet frame (i.e., the decay
assumptions of Theorem 3.25 in [65]), ¥(y) is also a wavelet
frame and satisfies
- C.
(@) < o

(1 [lzf|4)rFe"
for any o/ < «. Because the choice of o was arbitrary,

we can choose o’ large enough that fsupp(@ D(y)|ly|2dy < oo.
Combining results, this gives

{(@nps fi)| < Ca 2" CFFE),

B. Other Proofs in Section III

Proof of Theorem IIL1: Since f is Lipschitz on R?, T is
Lip-1 on IR, the composed function T o f is Lipschitz on R,
and

Lipgo (T o f) < Lipgo (f).
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By that I[f]
that

= Jon p-T o f, applying Proposition IIL5 gives

1= [ To f@) padmo) + .
M
and
Ir1] < (T © f]l Lo (r)C1 4 Lipgo (f)Ca) c10, (51)

where C1 := 3KLny, Cy := K(2Lap + 1 + Bum) as in
Proposition IIL.5.

Let feon be given by Theorem III.2 to uniformly approxi-
mate f on M up to €, Lipgp (feon) < L a4, . Repeat the above
argument on f.o, in place of f, we have that

I[fcon] = /M To fcon(x) ﬁ(x)d/\/l (:L’) + 7o,

where since ||feon — flloewy < e and Lip(T)< 1,
[T o feonllLoe(my < 1T 0 fllLoo(m) + €, then

|7“2| < ((”Tof”Loo(M)+€)C1+LM’fCQ) c10. (52)

Comparing the integrals on the manifold,
‘/ Tof )dM( ) / Tofcon(x) ﬁ(lﬁ)d/\/[(.l?)
M
< [ 110@) ~To fam(@)i@)drala)
M
< [ 1#@) = Fam(@)i@)da(o) by that T is Lip-1)
M

s¢€ / p(x)drq(z) (by uniform approximation on M)
M

(by (20)) (53)

I[f] — I[feon]] is bounded by

<e(14+3KLpmcio).

the sum of the three, which is
(1+ Crer0)e + {Cie + 2T o fllp(an)

+ Ca(Lat s +Lipgo (£) pero.

as stated in the Theorem. O

Proof of Lemma I11.4: For a fixed ¢, by the definition
(16), and that (i) 7; vanishes outside U;, and ¢(N;) =
®(U;), and (ii) h; vanishes outside Bf ~4  we have that
supp(7;) C N;. To see that 7;|y, = n;, it suffices to show
that h;(x — ¢;(z)) = 1 on U;, which follows by the definition
of h; and Lemma III.3.

Finally, we prove the Lipschitz continuity of 7j; on R”. First,
7); is continuous on RP. This is because 7j; has the factorized
definition as in (16), and that 1;(¢;(u)) as a function on R? is
smooth, plus that h;(v) as a function on RP~% is continuous,
thus the product function 7j; is continuous on R”. Next we
prove the Lipschitz constant. By the global continuity and
that supp(7j;) C Ny, Lipgo (7;) = Lipy, (7};). For the latter,
consider z, 2’ € N;, and let y := 1); o ¢;(z) € U,,

i(x) = ni(y)hi(z — ¢i(z)),

similarly for z’, 3. Since n; is smooth on M and compactly
supported on U;, we assume that

1ni(y1) —ni(y2)| < cidm(y1,y2), Yyi,y2 € Us,
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i.e., ¢; = Lip(n;) w.r.t. manifold geometry, and ¢; is deter-
mined once the manifold-atlas is fixed. Then

7 (x) — 7 (2")| < |niy) — mi ()| hi(z — ¢i(x))]
+ [0 (W )||hi(z — ¢i(x)) — hi(2" — di(a'))
< cidm(y,y) + |hi(x — ¢i(x)) — hi(z’ — di(x
(by that 7; and h; are bounded by 1 )
< ciBillpi(y) — iyl
232
+ =5 @ = ¢i(2)) -

232
< cifille — 2| + 5 |z — '],

ol

(2" = di(2))|| (by (13),(17))

where the last row is by that ¢;(y) = ¢;(x), similarly for 3/,
and ¢; 1s orthogonal projection. This proves that Llp(m) <
cifBi + 5’ which can be upper bounded by 2¢; + £ by (14).
Taking maximum over ¢ gives that sup, Llp(m) < L,
which is an absolute content determined by the manifold and
atlas. O
Proof of Proposition II1.5: We need two technical lem-
mas, the proofs are elementary and in Appendix A.
Lemma VIL4: For any p € P, defined as in (9), if o < %,

then
x)dx, / d(z, ./\/l

/ d(z, M)p

The requirement of o < 1/2 is only used to simply the bound
to be c; 0, and the integral of d(x, M)? actually gives a abound
of 2¢102.

Lemma VILS5: If g
continuous, then

(x)dx < cy0.

: RP — R is globally Lipschitz

l9(2)| < llgllz=(rm) +Lip(g) - d(x, M), Vo € R,
where ||g| o () is ﬁmte due to that g is continuous and M
is compact.

Foreach i = 1,--- , K, let H; := ¢;(U;) = ¢;(N;), H; C
Ty, (M). We will show that

|, r@lsla)o ~ / @)yl
_Z/

~ Z/ g(1i o @i ()7 (z)p(x)dx  (error 2),
i YN
and then, on each N; = H; X Bffd, we change to local

coordinate = (u,v), u = ¢;(x) € H;, v = = — ¢i(x) €
B(;D_d, and use (16) namely

i () = 1i (i (u)) hi (v)

to integrate w.r.t v first, which continues (54) as

> /(om0 ( /.. m(v)p(u,v)dv> du
. Z /
= /M 9(z) <Z m(@@(@) dm(z) = /M 9(2)p(2)dm(2),

K
)Zﬁi(a:) (error 1)
i=1

(x)dz  (supp(7;) C N;, Lemma II1.4)

(54)

(2)dam(z) (definition of p;)
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where da(z) stands for the Reimannian volume measure
on M. To prove the proposition, it suffices to bound (error 1)
and (error 2) and show that the sum < the right hand
side of (18).

Bound of (error 1):

K
[, pws@is = [ pao@ 3o

K
< [, ) o)1 = Y i) do
= [ @lsta)e(a)ld. (55)

where £ := (1 — Zfil i), &lam = 0, and ¢ is Lipschitz on
RP with

K
Lip(¢) <) Lip(ili) < K L
i=1

by Lemma III.4. By Lemma VILS, Vz € RP,

lg(x)§(@)] < (lgll Lo (m) + Lip(g) - d(x, M))
- (0 +Lip(§) - d(z, M))
= Lip(&) (|9l L=y - dl(@, M) + Lip(g) - d(z, M)?),

and then (55) continues as
69 < [ pLin(€) (Igllcuo - dla. M)
]RD

+Lip(g) - d(z, M)?) dz

~ Lip(©) (Igllew) [ @t )

RD

+Lip(g) /

RD

pla)iCe. M )

< Lip(€) (|lgll o (mycro + Lip(g)cio)

where the last line is by Lemma VII.4. This proves that

(error 1) < KLp(llgl L (my + Lip(g))eio.  (56)
Bound of (error 2):
K
> /. {ole) = (01 0 () ()
K
<> [ lote) - g o i@ @pl@ds. 67
i=17Ni

Define &;(z) = g(x) — g(¢; o ¢i(x)) for x € N;, and we
derive bound for |&;(x)|7;(x) on N;. For any x € N;, exists
x4 € M such that ||z — || = d(x, M), but the point 7
may not lie in U;. Consider the two cases respectively:

(i) If %, € U, then &(a%,) = 0, and then

[6i(@)] = [€i(x) = &z

< Lipy, (§i)llz — @l = Lipy, (§:)d(x, M). (58)
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For each i, one can verify that g(¢; o ¢;(x)) has Lipschitz
constant Lip(g)3; on N;: For any z,2’ € N;, let y = ¢; o
¢i(x), y' =i o ¢i(a’), y,y" € Us, then

|9(¢i 0 ¢i(x)) — g(vi © ¢i(a"))]
= lg(y) —9(y')| < Lip(g)lly — 'l
< Lip(9)dm(y,y’) (geodesic larger than Euclidean)

< Lip(g9)Billoi(y) — ¢i(y')|| (by (13))
= Lip(g)Billpi(x) — pi(2")|| < Lip(g)Billz — 2|

As a result, we have that

Lipy, (&) < Lip(g)(1 + 5;). (59)

Back to (58), by that |7;(x)| < 1, and (14), we then have that

[&i - 7i(x) | < Lip(g)(1 + fm) - d(z, M).

(i) If =3, ¢ U;, then x’, must be outside N;. (Otherwise,
suppose z* 1=z, is in Ny, ||z — ¢i(2*)|| < 6 and ¢;(z*) €
¢:(U;). By construction in the beginning of Section III-B,
B (z;) N M is isomorphic to Euclidean ball, thus there is
one-to-one correspondence between points in B2} (x;) N M
and their projected image under ¢;. Since v;(¢;(z*)) € U;, z*
cannot be ;(¢;(z*)), thus x; cannot € B2 (x;). This draws a
contradiction, because ||¢;(z*)—z;|| < 4, then ||z* —x;|| < 26
by triangle inequality.) Then the line from x to x7,, intersects
with the boundary of N; at a point 2/, and

(60)

o —a'|| < [lo — @)l = d(z, M).
Then by that 7;(2’) = 0,
|7i(2)] = I (z) — 7 (a")]
< Lip(i;)|lz—a'|| < Lip(7;)d(x, M).
Meanwhile, Lemma VIL.5 gives that
&@) < lg@) + 9w o 6(x)|
< 2[|g||Le(m) + Lip(g)d(z, M).

Together, and by the bound of Lip(7;) in Lemma III.4,

(& (@) ()| < (2llgll Lo (r) +Lip(g)d(w, M)) Laad(z, M).

(61)

Combining the two cases, we simply bound |&;(x)|7; (z) on
N; by the sum of (60) and (61), and then (57) continues as

K
ermor2) < Y- [ {Lipta)(1+ 60 - o M)

+ (2llgl- a0y + Lib(g)d(z, M) Laad(w, M) pp(a)da

< Keyo {Lip(9)(1 + Bm) + Laa(2[|gll Lo () + Lip(g)) }
(62)

where Lemma VII.4 is used.
Finally, combining the two bounds of (error 1) and (error 2)
(56) and (62) proves the claim. O
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C. Proofs in Section IV

1) Approximation Error Analysis of L[f]:
Proof of Proposition IV.I: We first consider when
Q :=supp(p + q) is compact. Then supp(fiq,) is inside €2 and
let C’ be the diameter of Q. Result in [25] guarantees the
existence of feon such that

||flar - fcon”LOO(Q) <e (63)

with the needed neural network complexity stated in the
proposition. Then, by (22),

Ll fur) = Ll < 5 ([ 51T, © fu = Ty fu
+ /Q|Tq 0 fuar — Tq © fcon|)
< % (/plflar - fcon| + /Q|ftar - fcon|) (by (23))

1
65(/ p+/ q) =¢, (by supp(p+q) C Q2 and (63))
Q Q

which proves the claim.

When the two densities are merely sub-exponential, by a
re-centering of the origin we assume that supp(fi,;) lies inside
Q= (—%, %)D , and all derivatives of f = f, vanishes at
0N2. The constructive proof in [25] utilizes a partition of unity
of the box (2 by evenly divided sub-boxes, and approximate f
by a Taylor expansion on each sub-box. As a result, the feon
which fulfills (63) also vanishes outside 2. This is because
the only sub-boxes whose support are not in 2 are those that
are centered on the boundary of {2, and then the coefficients in
Taylor expansion vanish, thus those sub-boxes can be removed
from the formula of f.,. Note that since 7'(0) = 0 (23),
whenever f vanishes, so does 7" o f, thus supp(T) o far),
supp(Zy © feon) C 2. Thus we have

|/proflar_/profcon|

S / p|Tp © flar - Tp o fcon|
Q

S/p|ftar_fcon|gg/pgg7
Q Q

and similarly for the integral w.r.t. ¢q. Putting together, it gives
that |L[fu:] — L[fo]| <e. O
Proof of Proposition IV.2: Under Assumption 2, fi, is
smooth and compactly supported in R” and then globally
Lipschitz. Since M is compact smooth manifold, fir|rq is
smooth on the manifold. Since T' = T}, and T, are Lipschitz-1,
Theorem III.1 applies to f = fi,r and guarantees the existence
of a feon in the network function family with the claimed
complexity to bound |L[fwr] — L[fcon]|- (Strictly speaking,
Theorem III.1 only applies to bound |I[fir] — I[feon]| Where
I[f] = [pTyo f, or [qT,o f, and L[f] equals the average
of the two. Nevertheless, the proof of Theorem III.1 uses the
integral comparison lemma Proposition III.5 and the uniform
approximation of f,; on the manifold, which directly extends
to prove the same result for I[f] = L[f].)
To prove the proposition, it suffices to bound the quantities

||T [e] fla.r”Loo(M)v T = Tp, Tq.

IA
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Let f = fa since f(xg) = 0 for zp € M, and then
T o f(zg) =0, and Vo € M,

IT(f (x)Il < Lipgo (f)llz — 2ol < Lipgo (f)diam(M).
Thus
HT © ftar||L°°(M) < Lip]RD (ftar)diam(M)7 T = Tpa Tq-

Combining with (11) and (12) leads to (24). O

2) Estimation Error Analysis of L,[f]:

Proof of Lemma IV.3: For fixed 0 < r < %, let X :=
{z;}¥,| be a r-net of K such that N = N(K,r). Let t :=
4Lr > 0, and F := { fj}é‘il be a maximal ¢-separated set in
F', meaning that for any j # j', || f; — fj*|| L~ (k) > t. and no
more member in F’ can be added to preserve this property.
Such F' always exists because it can be generated by adding
points from an arbitrary point while preserving the ¢-separation
property. By construction, F' is a ¢-net of F’. We will show
that M < (26).

Partition the 1D interval [—B, B] into N7 many disjoint
sub-intervals, each of length < 2Lr, and N; can be made
< £ +1 < 2B For any j # j/, there must be one z; €
X such that fj(x;) and f;/(z;) lie in distinct subintervals.
(Otherwise, |fj(z;) — fj(x;)] < 2Lr, and by that both f;
and f;, are L-Lipschitz, |f;(z) — f;(z)] < 4Lr for any z €
B.,(;). Since UY B,.(x;) cover K, this means that ||f; —
Ji'llLee (i) < 4Lr = t, contradicting with that f; and f; are
t-separated.) Then each function f; corresponds to a string of
interval indices (Iy,---,In), where I; € {1,---, Ny}, and
these strings are distinct for the A/ many f;’s. There are at
most NV distinct strings, which means that M < NV. [

Proof of Proposition IV.5: Recall  that (| X =
|Y;fr| - TL)
1 1 n 1 n
Ln[f] = ) <Eszof(xi) + Equof(yi)> )
i=1 =1
L[f] = ELy[f],

where x; ~ p iid., y; ~ ¢ iid., and x;’s and y;’s are
independent, and T},, T;, as in (23). We prove the three cases
respectively, where for case (1), we prove the compactly
supported case first, and the exponential-tail case as (1”).

(1) For any f € Fo reg(Br), there is zg € Br, f(xo) = 0.
Then Vo € Br(0), |f(x)| < Lip(f)|lz — zo|| < 2LR, ie.,
| fll Lo (Br(0)) < 2LR. Thus Fg re(Br) is contained in the
function space of

F = {f, Lipgo (f) < L, || fllL>(Br(0)) < 2LR},
equipped with || - || L (B (0))-

By Lemma IV.3, for any r < 1 < 2R, t := 4Lr, there exists
a finite set F' in Fg ree(Br) which form an ¢-net that covers
Fo,reg(Br) under the metric of || - || Lo (B (0)), Where

Card(F) < (%)N (Br(0),m),

The covering number of a Euclidean ball can be bounded
by N(Br(0),r) < (% + 1)D < (%)D, see e.g.
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Section 4.2 of [58], using » < 1. Thus,
4R
Card(F) < exp {(3R)D7“D log 7} :

Given r < min{c}/4,1}, for each f € F, Lippnr(f) < L,
then Lemma IV.4 and (28) apply to give concentration of the
independent sums over x;’s and y;’s respectively. By a union
bound,

Pr[Ef € F. |L[f]—LIf]| > 1] < Card(F)-4 e*6" 17, (64)

where % = 4r is chosen to < ¢} to begin with. The r.h.s of

(64) is upper bounded by

4
exp {1og4 + (3R)Pr~Plog TR - cgn(4r)2} :
for 0 < r < min{c}/4,1},

which is further upper bounded by

2
exp {_gnDEiz (log n)HLD -+ log 4} y (65)

oy 1 — ~(lognyotp 5
if v := max{3R, 4\/¥}, r=~( 8 )2+D, and (logn)z+P >

4/3. Note that as n — oo, r — 0, thus the constraint of
r < min{c]/4,1} is satisfied for sufficiently large n.

We consider the good event where |L,,[f]— L[f]| < ¢ for all
f € F. Since F is a t-net that covers Fg res(Br) with unions
of closed || - || L (By)-balls around points in F, for any f €
Fo,eg(Br), there is an fo € F such that || f — fo| o (B,) < t.
Since supp(p + q) C Bp, this implies that |L[f] — L[fo]| <t
and |L,[f] — Ly [fo]| < t, then

sup  |Lalf] = LIf]] < 3t.

J€Fe,we(BR)
This proves that with sufficiently large n, with probability

| Ln[f] = LIf]]

sup
f€Fe,we(BR)

1
24D
< 3. 4L max{3R, ——} <1°g") o
4y/cym \ n

(1°) The proof extends that in (1) by a truncation argument
for the exponential tail of the densities. We rename the R in
the statement as R in below.

The following lemma gives the decay of the integra-
tion with the tail of sub-exponential densities for any
f € Fores(Br,(0)), proved in Appendix A.

Lemma VII.6: Suppose p is in Pex, with ¢ = 1, function
f:RP — R has Lipgn (f) < L and vanishes at some point
Zo, ||zo|| < Ro, then, C' as in the definition of Peyp,

/ | Iflp < L(Ry +1+ R)Ce™ | VR > Ry.
z||>R

We introduce a sequence of domains ,, := Bg, (0) in R”,
where R, = alogn, a > 0 is a constant to be determined.
For n samples of x;’s and y;’s, since p, q are in Peyp with
c=1,

Pr[3i, ||o;|| > R or 3/, ||yi|| > R] < 2nCe %, VR > 0.
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We call
(good event 1), = {||yi||, ||lzi|| < Rn, Vi,i'}.

For any large enough n such that R,, > max{Ry, 1}, the
functional space Fg req(Br,(0)) lies inside

Fo = A{f, Livgo () < Ly | fll = (5n,) < 2LR2}
equipped with || - || Lo (5, )-

Similarly as in (1), for any » < 1 thus < 2R, t := 4Lr,
Fo,ee(BRry(0)) has a subset F,, which is an ¢-net that covers
Fo.reg(Br,(0)) under || - || (B, ), and
4R
Card(F),) < exp {(SRn)Dr_D log —"} .
r

We choose

Yn = 3R, (~logn > for large n),

1
4/
then if (logn)=+7 > 4/3,

(good event 2),, :={Vf € F,, |L,[f] — L[f]| <t}

fails with probability < (65).

Restricting to (good event 1),, and (good event 2), . For
any f € Fore(Bry(0)), exists fo € F, such that
If = follLoo(Bn, ) < t. then |L,[f] — Ly[fo]| < t. Meanwhile,
since both f and fy are in Fg reg(Br,(0)), Lemma VIL6
applies to both (since R, > Rp), then

L) = Lisall < 5 ( [ olTyo 1 = Ty s
+/(I|Tq°f_quf0|)

<3 ([or=nl+ [af-sl) e

1
<3 <t/ (p+q)+/ (r+a)(fl+ |fo|)>
Br,, RP\Bg,
<t+2CL(Ry+ 1+ Ry)e ™,

which means that

| Ln[f] = LIS]I

sup
f€Fo ee(Bry)

<3t+2CL(Ry + 1+ R,)e i

5
) +2CL(Ry + 1+ Ry)e

1
—3-4L.3Rn<°g"
n

<CL-alogn - ((logn/n)ﬁ +n"Y),
(setting R,, = alogn > Ry)

(66)

where C is an absolute constant. This happens with probability
> 1 — prair, and
prait < Pr[ fail of (good event 1),,]
+ Pr[ fail of (good event 2),, |
< 2nCe fin 4 (65) = (2C)n= 2T 4 (65).
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To make ppj; — 0, one can set & = 1 + € for some € > 0,
then in (66) the n=“ term is dominated by the term of
(logn/n) 70 > O(n=1/3).

Putting together, we have that when n is sufficiently
large, specifically, (logn)ﬁ > 4/3 and R, = (1 +
€)logn > max{l, Ro,1/(12,/c)}, then with probability
> 1 — (2C)n=¢ — (65), the bound (66) holds, which, for
large n, is

~ Llogn(log n/n)%;D,

omitting the absolute constant in front.
(2) Since M C Bp, similarly as in (1), enlarge the network
function space to be

F = {f, Lipgo (f) < L, || fll o (rm) < 2LR}
equipped with || - || Lo ().

When applying Lemma IV.3, the ¢-net F' can be chosen such
that

Card(F) < exp {C(M) ~log 4R}

because the covering number of the manifold N'(M,r) <
C(T{\f), where ¢(M) involves the intrinsic volume of M
integrated over its Riemannian volume element, and it scales
with the diameter of M. The rest of the proof is similar,
which gives that, with sufﬁciently large n, with probability

>1-— eXp{— ns (1ogn)2+d +10g4}

sup
fEFO rg(M)

\Ln[f] = LIA

1
24d
< 3-4L max {c(./\/l)l/d7 ;} (logn> |
44/} n

(3) We consider the same enlarged F as in (3) equipped
with || - ||z (r1), Which can be covered by the same ¢-net
F' as there. The large deviation of |L,[f] — L[f]| for any
f € F is the same, because though the densities p, ¢ are
no longer supported on the manifold they still belong to the
Pexp class, and so is the union bound. The difference is in
the control of |L,[f] — Ln[fo]| and |L[f] — L[fo]| where f
is an arbitrary member in Fg (M) and fy € F such that
I1f = follpee(my < 2.

For |L[f] — L[fo]|, we can use the integral comparison
Proposition IIL.5 and the uniform approximation of f by
fo on the manifold. Specifically, similarly as in the proof of
Proposition IV.2, we have that

ILLf] = Lfo]| < 2(2LRC1(M) + LCQ(M))CN

+(1+aiMyero)t, (67)
where C7(M), Cy(M) are manifold-atlas-dependent only
constants defined in (19).

For the empirical L,, we need the concentration of the
independent sum of the random variables d(x;, M) (and
similarly d(y;, M)), which is the following lemma proved in
Appendix A.
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Lemma VIL.7: Suppose x;, 1 =1,---
as defined in (9) with o < %

2
Then VO < 7 < 1,

[ del,

where ¢ is an absolute constant.
To proceed, observe that

,n~piid., p e P,
and also in Peyp with ¢ = 1.

7 2
ConT

>(c1+71)o| <e”

S3 (Mo () - Tyo fom))‘
i=1

< T3 1F) — folwd)] by 23)

1

IA
|
=
B
N—
&h
—~
—~
N—
i*
=
_|_
=
w
N—
N—
=h
=
<
=

+ | fo((zi) i) — fo(zs)| (for each z;, I(x;)}, € M,

and [|lz; — (i) | = d(zi, M))

IA

+1) (by that [[f — follpee(rm) < 1)

1 n
- Z(2Ld(mi, M)
=1
1 n
=t+2L <E ;d(xi,/\/l)> .

Similarly for the independent sums with T, o f(y;), this gives
that

1 — I
< - ; — ; .
t—i—L(n;d(xz,M +n;d(y“/\/1)> (68)

Putting together (67), (68), Lemma VIL7, and the union
bound over the t-net such that sup;cp |Ln[f] — L[f]| < t,
choosing 7 = ¢, t = 4Lr, 7 ~ (logn/n)/?+® as in (3),
we have that, when n is sufﬁ01ently large, with probability
>1—exp {——nd+2 (logn)z+a 7 4 10g4} —exp{—cjcn},

|La[f] = LIf]| < C(M) - L(o + (logn/n)77),

sup
fEFO rg(M)

where C'(M) is a constant that depends on manifold-atlas
only. O
3) Testing Power Analysis on the Testing Set:

Proof of Theorem IV.6: To prove (1): The bounding of
Lgap is by triangle inequality as detailed in Section II-D and
collecting the following bounds:

o AC is the optimization error as in Assumption 1.
o The O(e) term is the network approximation error of

L[ ftr], which is proved by Proposition IV.1 for general

and on-manifold densities p and q.

For near-manifold densities, the bound of approximation

error by O(g)+0(0o) is proved by Proposition IV.2, where

o is the sub- exponential decay scale as defined in (9).

e The O(n,, Sy ) term is the estimation error proved
by Proposmon Ivs.
The needed neural network complexity is as stated in
the theorem, and the constant dependence in big-O is as in
Remark IV.3.
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Note that under the setting of Proposition IV.5, which only
imposes the extra assumption that network functions need to
vanish at least at one point in a bounded domain beyond
Assumption 3, the approximation results hold. Particularly, in
Proposition IV.2, the Lip(feon) can be bounded by Leg which
is a universal constant, and all other constants depends on
manifold-atlas, the target function fi,.

To prove (2): Because T;, is the sum of two independent
sums of a fixed Lipschitz function fu averaged on x;’s and y;’s
respectively, CLT applies to give the asymptotically normality,
and it suffices to bound the variance to prove the claim.
Let f = fy under Assumption 3, Lipgn (f) < Le. Note
that Var(y/nT,,) = Varg,(f(z)) + Vary,(f(y)). Since in
all three settings in Proposition IV.5, p and ¢ are in Peyp
with ¢ = 1, then similar to Lemma IV.4, we know that
(f(x;) —Egopf(x)) is 1D sub-exponential random variables
satisfying (27) where L = Le. This proves that Var(f(z;))
< "L%, where ¢” is an absolute constant. Same argument
applies to f(y;), and thus Var(y/nT,) < L2 multiplied by an
absolute constant. O

Proof of Corollary 1V.7: When p = g, the claim is equiv-
alent to the asymptotic normality of \/nT},/o,. When p # ¢,
we show that for any small € > 0, there exists n. s.t. when
n > ne then Pr[T, > 7,] > 1 — 2¢. For fixed e < 1,
define t := ¥~!(¢) which is a positive constant. There exists
ny s.t. when n > ny, then \/nT > o3¢, t+03, ¥~ (), which
implies that

\/ﬁ(Tn_T)
OH,

By the asymptotic normality of +/n(7,—T)/on,, the

sequence b,, as n — oo converges to 1 — W(¢) = 1 — e. This

means that, there is another n such that b,, > 1—2¢ whenever

Pr[T,, > m,] > Pr > —t| :=b,.

n > ng. Taking n. as max{ni,na} proves the claim. O
Lemma VIL8: For any f so that the integrals are defined,
T[f] = 4L[f].

The relaxation in Lemma VII.8 may not be sharp, partic-
ularly, when p and ¢ nearly non-overlap on their supports,
T[f*] = 2SKL(p, q) diverges to infinity, while L[f*] remains
bounded (by 2log2). When f is close to zero, which as
discussed above is the more relevant scenario for two-sample
test, the following lemma quantifies the tightness of the
relaxation. Proofs of both lemmas are in Appendix A.

Lemma VIL9: For any f s.t. f2 is integrable w.r.t p and g,

2

0< 5Tl - 22l < [+ 0k

APPENDIX A
PROOFS OF TECHNICAL LEMMAS

Proof of Lemma IV4: & = g(x;), where g :=
Lipgn(9) < L.

|9(zi) = Eznpg ()| < /RD lg(zi) = g(@)|p(z)dz

Tof,

< L/ i = z|p(z)de < L||2il| + Eznpll2]))

and by (21), Ezpz|| = [;° Pra~pllz| > t]dt < C which
is an absolute constant. This means that the random variable

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 68, NO. 10, OCTOBER 2022

(& — E&;)/L in absolute value is upper bounded by ||z;| +
C, where y := ||z;]| as a 1D random variable satisfies that
Prlly] > t] < Ce ", thus (& — E¢;)/L satisfies the sub-
exponential tail claimed in the lemma with some other absolute
constants C’ and ¢'. 0

Proof of Lemma VIL4: Let X ~ p, then d(X, M) is a
non-negative random variable, and

/R d(z, Mjp(a)dz = /}R ) < /O e dt) p(z)dz

:/ </ 1{0<t<d(;c,/\/t)}p($)dx> dt
Ooo RD o

:/0 Pr[d(X,M)>t]dt§/0

Similarly,

d(x, M)
/ d(z, M)?p(x)dx z/ (/ 2tdt> p(x)dx
RD rP \ Jo
=/ (/ 1{o<t<d(m,M)}p($)d$> 2tdi
0 RD

o0
= / Prld(X, M) > t]2tdt < / cre” 7 2tdt = 2¢10°.
0 0

_t
cie odt = cyo.

|

Proof of Lemma VII.5: By compactness and smoothness

of M, for any z € RP, there exists 27, € M s.t. |27 —z| =
d(xz, M). Thus,

l9(@)] < lg(@ho)l + lg(x) = gzl

sup |g(z")| + Lip(§)[lz — 27|
z'eM

= llgllzoe(r) + Lip(§) - d(z, M).

<
<

|
Proof of Lemma VII.6: Let Lip(f)< L, f(xzg) = 0,
||zo]| < Ro, then

|f(@)| < [f(zo)|+Llz—zol| < L(Ro+||zll), Va, ||zl > R,
Thus,

/ @) p(@)dr < L / (Ro + [l2]))p(z)dz
lz]|>R lz]|>R

) ((Ro +R) /” ot /” el —R>p> ,

/x>Ri|ox” —R)p—/x>R/R”z” dtp(x)dx
:/R /Iz”>tp(:c)dxdt

:/ Pr[||X||>t]dt</ Ce~tdt = Ce ™,
R R

and

then
/ |flp < L(Ry + R+ 1)Ce™ .
lzl| >R

O
Proof of Lemma VIL7: By definition of P,, d(x;, M)’s
are i.i.d. non-negative sub-exponential random variables, and
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TABLE II

MEAN AND STANDARD DEVIATION (IN BRACKETS) OF L[fTR], OVER 40 REPLICAS OF TRAINING
OF THE NEURAL NETWORK, IN THE EXPERIMENT IN SECTION II-E AND FIGURE 2

1000

2000

4000

0.0134 (0.0097)
0.0264 (0.0141)
0.0311 (0.0139)
0.0388 (0.0096)
0.0416 (0.0086)
0.0458 (0.0032)
0.0478 (0.0022)
0.0477 (0.0040)

0.0165 (0.0128)
0.0232 (0.0139)
0.0355 (0.0124)
0.0386 (0.0123)
0.0439 (0.0081)
0.0481 (0.0031)
0.0503 (0.0017)
0.0504 (0.0011)

0.0152 (0.0086)
0.0261 (0.0143)
0.0310 (0.0149)
0.0410 (0.0094)
0.0447 (0.0058)
0.0485 (0.0030)
0.0511 (0.0008)
0.0508 (0.0011)

Example 1. Data in R.

1000

2000

4000

Nir 250 500

H=4 0.0135 (0.0095) 0.0169 (0.0105)
H=8 0.0209 (0.0127)  0.0206 (0.0110)
H=16 0.0255 (0.0122  0.0315 (0.0129)
H=32 0.0309 (0.0105)  0.0339 (0.0107)
H=64 0.0324 (0.0189)  0.0367 (0.0086)
H=128 | 0.0334 (0.0100) 0.0422 (0.0046)
H=256 | 0.0297 (0.0177)  0.0442 (0.0053)
H=512 | 0.0299 (0.0123)  0.0433 (0.0068)
Ny 250 500

H=4 0.0182 (0.0116)  0.0208 (0.0111)
H=8 0.0245 (0.0115)  0.0301 (0.0117)
H=16 0.0240 (0.0159)  0.0357 (0.0085)
H=32 0.0327 (0.0086)  0.0386 (0.0061)
H=64 0.0322 (0.0085)  0.0395 (0.0051)
H=128 | 0.0237 (0.0202)  0.0400 (0.0066)
H=256 | 0.0234 (0.0173) 0.0388 (0.0081)
H=512 | 0.0095 (0.0239) 0.0398 (0.0049)

0.0219 (0.0115)
0.0335 (0.0101)
0.0387 (0.0083)
0.0427 (0.0059)
0.0442 (0.0021)
0.0452 (0.0029)
0.0466 (0.0025)
0.0471 (0.0026)

0.0212 (0.0103)
0.0283 (0.0100)
0.0360 (0.0102)
0.0418 (0.0069)
0.0461 (0.0027)
0.0475 (0.0024)
0.0488 (0.0020)
0.0498 (0.0016)

0.0189 (0.0115)
0.0299 (0.0116)
0.0389 (0.0097)
0.0453 (0.0034)
0.0461 (0.0051)
0.0481 (0.0023)
0.0498 (0.0020)
0.0505 (0.0009)

Example 2. Data near a 1D manifold in R?
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Egzpd(x, M) < c10 by Lemma VIL4. The claims follows by

the Bernstein’s control of the positive tail for independent sum

of i.i.d. sub-exponential random variables. O
Proof of Lemma VII.8: By definition,

2 2
2L[f]:/plogm+/qlogl+—€f
1+ef 1+ef
:—/plogT—/qlog 5
—/ploge_% —/qlogeé

+ef 3
ez2

IN

(for any real number &,

[Le-0 =511

O
Proof of Lemma VII9:

1 f f 2¢f
§T[f]—2L[f]=/p§—/q§—/plog1+ef
| g1os —2—
/qul—i—ef
1+ef 1+ef
:/plog—%f/2 —l—/qlog—%f/2

eff/2+ef/2
:/(P‘FQ)lnga

and by that % < /2,

2

ST -2l < [+ aoee™ = [Dpq.

APPENDIX B
OPTIMIZATION EXPERIMENTS IN SECTION II-E

The experiment is merely to optimize the loss L,, ; using
a dataset, and numerically compute the values of the obtained
L[f:] using the analytical formula of the densities.

The training conducts Adam for 100 - % epochs to
ensure that same number of samples are proéessed in the
experiment when ny, changes. The batch size = 100, and
learning rate le-3.

The numerical values of the mean and standard deviation
of L[f] for various H and ny, is shown in Table II, where
the values of the mean are plotted in Figure 2.

APPENDIX C
TwoO-SAMPLE TESTS ON 1D DATA IN SECTION V-A

A. The Different Test Methods

We consider two types of alternative two-sample tests,
which are

o (net-acc) The test based on classification accuracy [5].
The equivalent form as an IPM test is explained in C-B.

o (gmmd) Gaussian kernel MMD. The kernel bandwidth o
in gmmd is set to be the median of the pairwise distances
among all samples [18].

Where the three tests, net-logit (the proposed), net-acc and
gmmd all use the test set for two-sample problem, the first
two network-based methods are trained on the stand-along
training set. One may observe that this comparison to kernel
MMD is not fair: First, kernel MMD with median-distance o
does not use the training set, thus it would be a more fair
comparison if gmmd can use all the data samples without
training-test splitting. Second, the median setting of o may
not be optimal and can be improved by existing methods
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Fig. 12. Left: MMD discrepancy on trained set used by gmmd-ad to select kernel bandwidth . Middle and right: training of the classification network used

in net-based tests. On the synthetic 1D dataset.

in literature. We thus consider three more variants of the
Gaussian kernel MMD (GMMD) tests

o (gmmd+) GMMD using all samples. gmmd with median-
distance o which uses all the samples without training-
test splitting.

o (gmmd-ad) GMMD using the test set only, but with
adaptively selected bandwidth ¢ on the training set. The
selection procedure is explained in C-C.

e (gmmd++) GMMD on the whole data sets with post-
selected o. The tests are conducted over a range of values
of o, which are {272, 272 ...23}, and the best test
power is post-selected. Note that this value of kernel
bandwidth choice is not available in an algorithm, and
the results are for theoretical comparison only.

These three tests are included for a more complete compar-
ison between network-based tests and kernel tests. Training
and testing split is half-and-half, and samples in X and Y are
of the same number, in all cases.

B. Equivalent Form of Net-Acc Test

Here we show that the net-acc test studied in [5] is equiv-
alent to using Sign(fy) instead of fp in (3) when nx = ny,
up to multiplying and adding constants. Specifically, by the
definition of test statistic in [5], and recall that | X¢.| = |Yie| =
2|Dye|, Sign(z) = 1if z > 0 and -1 if z < 0,

. 1 1
Tne[-acc = 5 <m mez)(: 1{f9(93)20}

1
| ) {fe(y)<0}>

YEYie

1(1 + Sign(fs(2))

+ e Z §<1 Sign(fo(x >>>>

|
N =
+
L
g >
s
o

(A.1)

C. Adaptive Choice of o in Gmmd-Ad

In the training phase, the algorithm computes the Gaussian
kernel MMD discrepancy

. 1 1
TMMD(Xay):W Z ka(%x/)-f—W Z ko(y,y')
r,x'€X Y,y €Y
2
< > kolx,y)
XV ey

on the training set X = Xy, Y = Y, for a range of
values of the kernel bandwidth o, i.e. o = {273,... 23}

ko(z,y) = exp{— ‘”2;2‘2} is the isotropic Gaussian kernel.
A plot of MMD discrepancy as a function of varying o is given
in Figure 12. The ¢ which maximizes the MMD discrepancy
on the training set is then chosen to compute the test statistic
on the test set. The MMD test statistic also takes the form as
Twwmp in [8], [18].

Note that the MMD loss may not be the optimal objective to
select o, and previous works have proposed to use the estimate
of testing power as the optimization objective [13], [41], [42].
We use the MMD loss to select o for simplicity. This method
is also equivalent to the training process in [8] with only one
trainable parameter which is the kernel bandwidth o. In exper-
iments, gmmd-ad improves the two-sample test performance
over median choice on the 2D manifold dataset in Section V-C
and the MNIST dataset in Section V-D.

D. Training of Neural Networks

In all the experiments, the classifier network used by net-
acc and net-logit is a two-layer fully-connected neural network
with 32 hidden nodes in each hidden layer, and the bottom
layer has the same dimension as the input data. The training
of the network is conducted via Adam [66]. Specifically,
100 epochs of Adam with learning rate 1073, and batch
size 100 when the size of training set >100. A typical plot
of evolution of training loss and training error is given in
Figure 12. Training via SGD with momentum 0.9 produces
similar result. The result is qualitatively the same when the
number of hidden units varies from 16 to 1024. We have
not investigated the optimal choice of network architecture
hyperparameters for the two-sample problem.

We use fixed learning rate over a fixed number of epochs,
and it is entirely possible that our training procedure is over
simplified and better usage of stochastic gradient descent
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Fig. 13.
example in Figure 5.

method as studied in [67]-[71] may lead to improved
performance.

E. Test Power Estimation

The experiments with tests (1)-(4) use ny, = 400 test runs
to estimate the power as the frequency of rejecting Hy, and
the whole experiments are repeated for n., = 20 replicas to
compute mean and standard deviation of the estimated power.
The test with (5) and (6) uses 200 test runs to estimate the
power, since these gmmd methods demonstrate less variation
in estimated power, explained as below.

The way of computing the test power is empirical and
has randomness: for kernel mmd the variation is due to the
finite number of runs (n., times), and for network based tests
there is extra variation due to the stochastic optimization of
the network. Thus we use experiment replicas to recored the
variations of the test power. The empirical distribution of the
test power of the three methods over training replicas is given
in 13, corresponding to the experiment in Figure 5. The plots
of the two net-based methods indicate large variation of the
power given by each trained network, that is, the “quality” of
the trained net to discriminate the two densities varies. This
instability is due to limited training samples as well as the
randomness in the optimization algorithm.

We observe decreased power variation with larger training
set, and the trained network gives better two-sample test
power. This is consistent with the observation in Section II-E,
and indicates that larger training set benefits the network
training. However, as a price to pay, the testing set will be
smaller given finitely many samples in total.

F. Detailed Experimental Results on Eg. 3

1) Set-Up: In Eg.3, the number 6 € [0,1] controls the
difference between the densities p and ¢. A plot for p and
q with 6 = 0.08 is illustrated in Figure 5. 200 training and
200 testing samples are used, with half of the samples coming
from X and half from Y in both the training and testing sets.

G. Test Power

The table in Figure 5 lists the power for the three methods
(1)(2)(3), where net-logit gives significantly better average
power about 80%, and the power of net-acc and gmmd are
similar, both are about 20%. Table III gives the full table of test
power including that of the methods gmmd+ and gmmd++.

Histogram of estimated test power from 400 test runs of gmmd, net-acc and net-logit over 20 replicas of training (no training for gmmd), on the

TABLE III

THE MEAN, STANDARD DEVIATION (“STD”) AND MEDIAN OF THE TEST
POWER OF THE VARIOUS METHODS COMPUTED FROM 7y, = 400
TEST RUNS OVER nggp = 20 REPLICAS ON EG. 3 IN SECTION V-A.

THE gmmd, Net-Acc, Net-Logit TESTS ARE COMPUTED ON
| X1e| = |Yre| = 100 SAMPLES, WHERE Net-Acc AND Net-Logit
TRAIN A CLASSIFICATION NETWORK ON ANOTHER TRAINING
SET OF SIZE | X1r| = |Yrr| = 100. gmmd ONLY USES THE TEST SET
AND SETS THE KERNEL BANDWIDTH o TO BE THE MEDIAN
DISTANCE. gmmd+ AND gmmd++ ACCESSES BOTH THE
TRAINING AND TEST SETS, WHERE gmmd-+ USES THE
MEDIAN DISTANCE AS o, AND gmmd++ REPORTS THE
BEST POWER OVER VARYING RANGE OF CHOICES OF o,
AS DESCRIBED IN C-A. THE RESULTS OF gmmd, Net-Acc,
Net-Logit ARE ALSO REPORTED IN FIGURE 5

gmmd ~ gmmd+  gmmd++ | net-acc  net-logit
mean 19.14 46.63 57.29 19.98 78.09
std 1.95 2.49 1.578 10.43 20.56
median | 19.63 47.13 57.38 17.63 84.13

where gmmd+ achieves a test power of 47% and gmmd—++ a
power of 57%, remaining inferior to net-logit, while both with
small variation (std < 2) and thus are more stable than net-
based tests. Results with other values of § and sample sizes
are reported in Figure 6.

The variation of the power is much larger for the two net-
based tests, as explained in C-E and Figure 13. We note that
such large variation is due to the instability of network training
at small training size, and is likely to be a limitation of the
current net-based methods.

APPENDIX D
TwO-SAMPLE TESTS ON 2D DATA IN SECTION V-C

We introduce the construction of x; ~ p and y; ~ ¢. Let
z; = T(u;), y; = T(v;) where T : R?> — R? is a smooth
mapping from unit square to the spherical surface given by

1
T(x1,22) = = (.1?1,.1?2, \/R? — 22 —m%) , R=1.5,

and u;, v; are ii.d. copies of random variables u and v in
R? distributed as the following: € = 0.05,

U="Ty + N, V=1Tp+ N, Nu, nvNN(O7€212)7

t,, ~ uniformly on a quarter circle in [0, 1] x [0, 1], and ¢, ~
the distribution of ¢, rotated around (%, %) by angle ¢,
where the 4 random variables are all in£pendent. The other

experimental set-ups are the same as in Section V-A.
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Fig. 14. Same plot as Figure 10 with another pre-trained generative model which produces faked images that are closer to the authentic ones.
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Fig. 15. Same plot as Figure 12 on MNIST data.

APPENDIX E
TwoO-SAMPLE TESTS ON MNIST DATA IN SECTION V-D

The classifier network used in the experiment is a convolu-
tional neural network (CNN) with 2 convolutional layers.

The pre-trained generated model is based on a convolutional
auto-encoder:

c5x5x1x16 - re - ap 2x2 - ¢5x5x16x32 - re - ap 2x2 -
fc128 - re

-fcl0-re <« code space R'

- fc128 - re - ct 5x5x128x32 - re

- ct5x5x32x16 (upsample 2x2) - re - ct5x5x16x1 (upsam-
ple 2x2) - Euclidean loss

where “c” stands for convolutional layer, “ct” for transposed
convolutional layers, “re” for Relu activation, and “ap” for
average pooling. The auto-encoder is trained on 50000 MNIST
dataset for 20 epochs using Adam with learning rate decreas-
ing from 1072 to 10~% and batch size 100.

The sampling of generative model is conducted by
adding a small isotropic Gaussian noise (“giggering”) to the
10-dimensional codes of authentic MNIST digits computed by
an encoder, and then mapping through the decoder to R734.

We also prepare another generative model by removing the
bottleneck layer in the above auto-encoder architecture and
retrain the model, which gives smaller reconstruction error
and a higher-dimensional code space of R'?%. The generative
model is conducted in the same way by sampling in the code
space using Gaussian noise of smaller variance per coordinate.
This produces faked images that are closer to the authentic
ones in Euclidean distance in R7®*, however less explore the
“manifold” of pga,. The test power of the four methods is
shown in Figure 14.

The classification network used in net-logit is the following
CNN

c5x5x1x16 - re - ap 2x2
- ¢5x5x16x32 - re - ap 2x2
- fc128 - re - fc2 - softmax loss

where dropout is used between the last 2 fully-connected
layers. The classification CNN is trained for 100 epochs using
Adam with learning rate 102 and batch size 100. A typical
plot of evolution of training loss and training error is given
in Figure 15.

The procedure of adaptive selection of o by gmmd-ad is
same as in Section V-A, where the bandwidth search range is
o= {271 ... 20} The test power is evaluated on 400 test

runs and the training is repeated for 20 replicas.
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