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ABSTRACT

This thesis studies questions in nonparametric testing and estimation that are inspired
by machine learning. One of the main problems of our interest is likelihood-free hypothesis
testing: given three samples X,Y and Z with sample sizes n,n and m respectively, one
must decide whether the distribution of Z is closer to that of X or that of Y. We fully
characterize the problem’s sample complexity for multiple distribution classes and with high
probability. We uncover connections to two-sample, goodness-of-fit and robust testing, and
show the existence of a trade-off of the form mn < k/e*, where k is an appropriate notion
of complexity and € is the total variation separation between the distributions of X and
Y. We generalize our problem to allow Z to come from a mixture of the distributions of
X and Y, and propose a kernel-based test for its solution, and also verify the existence of
a trade-off between m and n on experimental data from particle physics. In addition, we
demonstrate that the family of “classifier accuracy” tests are not only popular in practice but
also provably near-optimal, recovering and simplifying a multitude of classical and recent
results. Finally, we study affine classifiers as a tool for estimation and testing, with the key
technical tool being a connection to the energy distance. In particular, we propose a density
estimation routine based on minimizing the generalized energy distance, targeting smooth
densities and Gaussian mixtures. We interpret our results in terms of half-space separability
over these classes, and derive analogous results for discrete distributions. As a consequence
we deduce that any two discrete distributions are well-separated by a half-space, provided
their support is embedded as a packing of a high-dimensional unit ball. We also scrutinize
two recent applications of the energy distance in the two-sample testing literature.
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Chapter 1

Introduction

The present chapter serves as an overview of the results of this thesis which, broadly speaking,
studies questions in nonparametric testing and estimation that are inspired by machine
learning. The material presented is based on the papers |77, 76, 74, 75].

1.1 Structure of the Thesis

The first paper |77] resolves the minimax sample complexity of “likelihood-free hypothesis
testing” (LFHT), which is a simplified model of a problem that emerges in the growing field
of likelihood-free inference (LFI). The results are summarized in Section 1.4, and the paper
can be found in full detail in Chapter 2.

The second paper [76] studies a generalization of LFHT inspired by particle physics
experiments, and uses an approach based on kernels. We also perform experiments with
trained kernels parametrized by neural networks, supporting our theoretical results. This is
summarized in Section 1.6, and the full paper can be found in Chapter 3.

The third paper [74] studies classifier-accuracy testing, which is essentially a meta-algorithm
that is widely used by practitioners of LFI. The results are summarized in Section 1.5 and
Sections 1.5.4 and 1.5.5 in particular, and the paper is reproduced in Chapter 4 in full.

The fourth paper [75] studies the use of affine classifiers for nonparametric testing and
estimation, with the key technical tool being a connection to the energy distance. These
results are also summarized in Section 1.5, and Sections 1.5.1 to 1.5.3 in particular. The
paper these sections are based on can be found in Chapter 5.

The remaining sections of this chapter are as follows. Section 1.2 presents the technical
preliminaries on nonparametric testing, estimation, LFHT and the energy distance that are
needed to state our results. Finally, Section 1.7 gives a short summary of our approach to
proving minimax lower bounds for testing problems in general, and LFHT in particular.

1.2 Technical Preliminaries

Here we go over the technical preliminaries required to state and understand our results. In
Section 1.2.1 we formally introduce the problem of likelihood-free hypothesis testing (LFHT)
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which is the main object of study in much of this thesis. In Section 1.2.2 we introduce some
classical statistical problems that LFHT is related to. Section 1.2.3 introduces the distribution
classes that are studied throughout Sections 1.4 to 1.7. Finally, Section 1.2.4 serves as an
introduction to the generalized energy distance, which is further studied in Section 1.5.

1.2.1 Definition of LFHT

Suppose we observe three i.i.d. samples X4,..., X, Yi,....Y, and Z,..., 7, from Px, Py
and Pz respectively, taking values in a common set X. Suppose in addition that P is a set of
probability distributions on X and that € € (0, 1). Likelihood-free hypothesis testing (LFHT)
over the class P with separation € is defined as the problem of testing the hypothesis

Hole, P) = {(PX,Py, Py) € PP TV(Py, Py) > ¢, Py = PZ}
Versus (LFHT)
Hy(e,P) = {(PX,Py, Py) € PP TV(Py, Py) > ¢, Py = PZ}.

Here we regard a hypothesis as a set of probability measures from which the data may
have come. Given § € (0,1/2), we say that the “test”, that is, the measurable function
Uymes © X2 — {0,1} performs LEFHT with worst-case error ¢ over the class P with
separation e, if

max sup P(\I/mmm;(Xl,...,Xn,Yl,...,Yn,Zl,...,Zm) 7&1) < 4. (1.2.1)
=01 (Px,Py,Pz)eHi(e,P)

We also allow the test ¥, ,,, .5 to be a non-deterministic function of the data, that is, to take
an independent random seed as input, however we suppress this in the notation. Given the
parameters €, d, P, we can define the region

Rie(e,0,P) := {(n,m) € N? : there exists a test U, ,, s satisfying (1.2.1)}, (1.2.2)

which represents the set of sample sizes (n, m) for which it is possible to perform LFHT at
maximum error ¢ even in the worst-case over the distributions Py, Py, or using other words,
in a minimax sense. It is of primary interest to us to characterize the region R g(¢,d, P) up
to constants independent of €, 5. As we shall see, in the case of discrete distributions we also
study the dependence on the support size, which will be denoted k, in addition to € and .

Remark 1. Our definition of LEFHT above was inspired by likelihood-free inference (LFI), as
we shall explain in Section 1.4.1 further. In the context of LFI, one may think of the X; and
Y; as the data generated by our simulator, and the Z; as the experimental data. A priori we
don’t have a good model of the likelihood of our data (Pz) or the output distribution of the
simulation (Px and Py ); we only know that they lie in some class P and are separated in
total variation.

Remark 2. LFHT has been proposed and studied before our work under other names, see
Section 1.3.2 for historical details.
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Remark 3. When studying the constant error a.k.a. § = ©(1) regime, we will often simply
write 6 = 0.3. Note that the value 0.3 could be replaced by any non-trivial error probability,
that is, any value strictly less than 1/2. This is because a simple strategy that splits data
into log(1/0) disjoint and equal sized batches and then takes a majority vote of the output of
an optimal constant error test achieves worst-case error O(8) at the cost of a multiplicative
log(1/0) factor in the sample sizes n,m. We shall see later that the d-dependence produced
by this naive strateqy is sub-optimal.

1.2.2 Four Fundamental Problems in Statistics

As in the previous section, assume that P is a family of probability distributions throughout.

Binary Hypothesis Testing

First we consider binary hypothesis testing, one of the fundamental problems in statistics.
Given i.i.d. observed data Zi, ..., Z,, with law P, and candidate distributions F,, P;, the
task is to decide, using full knowledge of Py, P;, between the simple hypotheses

Hy={FR} versus H; ={P}.

This problem is famously and optimally solved by the Neyman-Pearson likelihood-ratio test
[157], and its error probability satisfies

err(Py, Py) = iI\Illf max sup P(U(Z,...,Z,) # i) = exp(—O(mH*(Py, P,))),

1=0,1 PycH;

where H denotes the Hellinger distance, and the implied constant is universal. For a proof of
this fact see [168, Section 14.6]. From the above it follows that

nut(€, 0, P) :== min {m eN: sup err(FPy, Py) < 5}
Po,PlepiTV(Po,Pl)ze
_o log(1/9)
B inf H2(Py, Py) |’

Py, Py EPZTV(PO ,P1 ) >e

where the constant is again universal. The expression infy denotes the infimum over all
tests, possibly randomized, taking values in {0, 1}. Here nyt measures the worst-case sample
complexity, that is, the minimum number of observations required in the worst case to perform
binary hypothesis testing with error probability d over the class P under the guarantee that
the two hypotheses are e-separated. In all the cases that we care about nyr works out to be
O(log(1/8)/€?), and thus we rarely use the notation nyr. This simplification holds whenever P
is rich enough to include pairs of distributions (P,, Q.) with TV(P.,Q.) = ©O(H (P, Q.)) = O(e)
for a sequence € converging to 0.

Goodness-of-Fit Testing

The second problem we consider is that of goodness-of-fit testing. Here we observe i.i.d. data
Xq,..., X, with law Px and the task is to decide between the hypotheses

Hy(e,P) = {Fo} Versus Hi(e,P)={P € P:TV(P,P) > €},
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where the null distribution Fy € P is know to the tester. We define the sample complexity of
goodness-of-fit testing as

neor (€, d, P) := min {n € N:sup infmax sup P(U(Xy,...,X,) #1i) < 5}.
PP ¥ =01 pcH (e, P)

In other words, ngor denotes the minimum number of samples required by any procedure
that is able to test H, versus H; in the worst case over Fy € P.
Two-Sample Testing

Next we consider two-sample testing. Here we observe two i.i.d. samples X;,..., X, and
Z1y ..., Ly with distribution Px and Py respectively. The goal is to decide between the
hypotheses

Ho(e,P) ={(P,P): PP} versus H(e,P)={(P,Q) € P*: TV(P,Q) > ¢}.

Notice that two-sample testing is quite similar to goodness-of-fit testing, except the null
distribution is no longer known to the statistician. We define the set of n, m pairs for which
two-sample testing is possible as

Rrs(e,0,P) = {(n,m) € N? : inf max sup PW(Xy,....X0, Z1,..., Zm) #1) < (5}.

V=01 (Py Py)EH (e, P)
We also define the minimax sample complexity of two-sample testing as
nts(€,6,P) = min{n : (n,n) € Rrs(e, 9, P)},

which measures the difficulty of the problem when we assume the two samples are of equal
size. This distinction will actually be meaningful, as it is not necessarily the case that
Rrs < {(n,m) : min{n, m} > nys}.

Estimation

Finally, we define the problem of estimation. Given an i.i.d. sample Xi,..., X,, ~ Py, the
goal is to produce an estimator Py that is close to Px in total variation either in expectation
or with high probability. We define the sample complexity of estimation to be

nest(€, P) == min {n € N :inf sup E[TV(?X, PX)} < e},
PX PXGP

where the minimum is taken over all (possibly randomized) estimators ﬁX, that is, measurable
functions of the observed data X1, ..., X, taking values in P.

1.2.3 Distribution Classes

Here we provide a list of the four choices of P that we study in Sections 1.4 and 1.5. In
Section 1.6 we consider a slightly different class of distributions, defined implicitly in terms
of a reproducing kernel Hilbert space (RKHS).
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Smooth Densities on the Hypercube

Let > 0 and set 3 := [ — 1] as the largest integer strictly smaller than 3. Write C(3,d, C)
for the set of functions f : [0,1]* — R that are §-times differentiable and satisfy

(a) _ f()
max max ||f(a) H<>07 sup |f (I’) ];_ﬁ(y)l < 07
0<lal<B sAyel)tlal=8  |lz —ylly —

where |a| = 2% a; and @ = 9. 95 f for the multiindex o € N’ In other words,
C(B,d, C) is the set of functions whose partial derivatives up to order /3 are bounded by C' and
whose partial derivatives of order f are (5 — ()-Holder continuous with constant C'. Finally,
define Py(3,d,C) to be the class of distributions with Lebesgue-densities in C(3,d, C).

We will assume throughout that C' > 1 when referring to Py(S,d, C'). This is to ensure
that there are infinitely many distributions belonging to the class, so as to avoid vacuous
statements.

Gaussian Sequence Model

Given s, C' > 0, define the Sobolev ellipsoid £(s, (') of smoothness s and size C' as

E£(s,0) = {9 ERV: Y 0% < c}.
j=1
Given a sequence 6 € RN, let us abuse notation and write N'(6,1) :== @3, N'(6;, 1), where
N (p,0?) for u,0 € R denotes the one-dimensional Gaussian measure with mean p and
variance o2. We define our second class as

Po(s,C) = {N(@, 1) :0¢ 5(5,0)}.

The motivation for the study of Pg stems from regression. Consider the classical Gaussian
white noise model. Here we are given an observation of the stochastic process

dY; = f(t)dt + dW;, ¢ € [0,1],

where (W;)¢>0 denotes Brownian motion and f € L?[0, 1] is unknown. Suppose now that
{¢;}i>1 forms an orthonormal basis for L?[0, 1], and given an observation Y define the values

g = (Y, ) = / FOd(t)t + / o)W, = 6 + i

Notice that ¢; ~ N(0,1) and that E[e;e;] = 1{i = j}. In other words, the sequence {y;}i>1
is an observation from the distribution N'(#,1). Consider the particular case of ¢; = 1
and ¢or(x) = V2 cos(2mkx), dops1(x) = v/2sin(2nkz) for k > 1 and assume that f satisfies
periodic boundary conditions. Then # denotes the Fourier coefficients of f and the condition
that Z;’il j230]2- < C'is equivalent to an upper bound on the order (s, 2)-Sobolev norm of
f, which is loosely speaking equal to the L?-norm of the sth derivative of f. For a proof of
this see for example [198, Proposition 1.14|. To summarize, by studying the class Pg we can
deduce results for signal detection or regression under Gaussian white noise, where the signal
or regression function has bounded Sobolev norm.
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Discrete Distributions

The third class we consider is fairly self-explanatory, it is the set of all discrete distributions.
Given k € N, let

Po(k) = {distributions on the finite alphabet {1,2,..., k}}

The fourth and final family of distributions are the “regular” or “bounded” discrete
distributions. For a constant C' > 1, define

Pou(k,C) = {p € Po(k) : lpllse < C/k}.

Such distributions are quite natural as they show up from the discretization of continuous
distributions with bounded density, such as those belonging to Py.

1.2.4 Introduction to the Generalized Energy Distance

The notion of energy distance was introduced by Székely in a series of lectures at the Budapest
University of Technology and Economics [195]|, and has been independently rediscovered
multiple times [62, 211, 18].! Given an exponent v € (0,2) and two probability measures y, v
on R? with finite y'th moment, the generalized energy distance between them is defined as

€,(1,v) = VE[X — Y7 —EIX - X[ —E[Y — V', (1.2.3)

where (X, X", Y,Y’) ~ u®2 @ v®? and || - || denotes the Euclidean norm. The energy distance,
and related ideas such as “distance covariance/correlation” (which likely first appeared in
[71]), have been applied to many problems in statistics with success, such as goodness-of-fit
[188, 174, 159, 38, 140, 150|, two-sample [192, 46, 99, 171, 18] and independence testing
[194, 62, 191, 194, 189], see also the book [193] for additional references. The asymptotic
properties of these methods have been understood deeply, however, the energy distance hasn’t
enjoyed much attention in non-asymptotic statistics. Here, we will be concerned with the
latter. Since the energy distance is a Maximum Mean Discrepancy (MMD) [180, Theorem
22|, generic results about MMDs can be specialized to the energy distance. Nevertheless,
by studying it directly we can derive previously unnoticed properties that lead to efficient
estimators and tests, and discover interesting connections to half-spaces along the way. First,
let us give a short exposition of some important properties of &,, that will be used later on.

Representation as a Sobolev Norm

Given a probability measure 1 on RY, define its Fourier transform as
ilw) = / el dp(a) = Expe @M.
Rd

We have the following simple analytic fact: given any w € R? and v € (0,2),

1— d/QF 1 — 2
L= U, ) g — g Tt 2/2) (1.24)
ra  lafld Y205

!Despite nontrivial effort I haven’t been able to obtain a copy of [195].
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Indeed, using a rotation we may write the integral as

/ 1- cos(m,w}dx :/ 1 — cos (m1||w||)dx _ ||WH7/ 1- cos(xl)dx‘
re lzl™ el re [T

The above integral is clearly finite: since 1 — cos(t) ~ t?/2 at the origin, the integrand behaves
like 1/||z||9=" < 1/||z||¢ at zero, and its tail behaves like 1/[|z||¢™ < 1/||z||* as  — oo. The
conclusion follows by an explicit computation which we omit here, but details can be found
for example in [190, Appendix A|. Using Equation (1.2.4) we can show that &, is a weighted
L2-distance between the Fourier transforms i and . Alternatively, one may also recognize
the formula as the homogenous Sobolev norm of order —(d + 7)/2, up to constant.

Proposition 1.2.1 ([190, Proposition 2|). Let v € (0,2) and p,v be probability measures
with finite v ’th moment.

2

o1 i) —pw)
57<M’V)_C(d,7)/;qd o

/2T (1—v/2
where C(d,~) = W@Q;

Proof. Tt is easier if we work backwards from the final result. Following the proof from [190],
and writing (X, X", Y,Y") ~ u®? @ v®%, we have

/ Alw) = P, (125)

|||+
_ / . (€i<X7w) _ ei(Kw))(e—i(X/,w _ €—i<Y’,w)) N

R ]|+
- / E cos(X — X' w) — cos(Y — X', w) — cos(X — V', w) 4 cos(Y — V', w)
e [l

dw

Eq. (1.2.4)

C(d,M)EX (1, v),

where the second to last line used that sin(z) = —sin(—x). O

Representation as a Maximum Mean Discrepancy

The second interpretation of the energy distance is as a Maximum Mean Discrepancy (MMD).
First, let us give a non-rigorous crash course on the background required to understand our
results. For a complete treatment we refer the readers to the book [96].

Given a set X', we call the function K : X? — R a kernel if the n x n matrix with i;j’th
entry K (x;,x;) is symmetric positive semidefinite for all choices of xq,..., 2, € X and n > 1.
There is a unique reproducing kernel Hilbert space (RKHS) H i associated to K. Hy consists
of functions X — R and satisfies the reproducing property (K(x,-), f)wu, = f(x) for all
f € Hy and x € X, in particular K(z,-) € Hx. Given a probability measure P on X', define
its kernel embedding 0p as

Op = Ex pK(X,") = /X K(z,-)P(dz). (1.2.6)
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Given the kernel embeddings of two probability measures P, (), we can measure their distance
in the RKHS by MMD(P, Q) = ||0p — 0|3, , where MMD stands for maximum mean
discrepancy. MMD has a closed form thanks to the reproducing property and linearity:

MMD2(P, Q) = E [K(X, X))+ K(Y.Y") - 2K(X,Y)],

where (X, X" Y,Y") ~ P®? ® Q®2. In particular, if P,Q are empirical measures based on
observations, we can evaluate the MMD exactly in quadratic time, which is crucial in practice.
Yet another attractive property of MMD is that (under mild integrability conditions) it is an
integral probability metric (IPM) where the supremum is over the unit ball of the RKHS
Hi, that is,
MMD(P.Q) = s [ f@)(@P(e) - dQ())
FeH k| fllm <1
see for example [179, 151].
In the case of the generalized energy distance, the kernel is given by

ky(@y) = [zl + [lyl]" = llz =yl (1.2.7)

which in one dimension corresponds to the covariance operator of fractional Brownian motion.
For a proof of the fact that k, above is positive definite see [180, Proposition 3|. With &,
defined as above, it is trivial to observe that the generalized energy distance &, is equal to the
MMD with kernel k.. The following result is a simple consequence of the MMD formulation
of &,.

Lemma 1.2.2. Let v be a probability distribution on R? and let v, = %Z?’:l dx, for an i.i.d.
sample Xy, ..., X, from v. Then, for any v € (0,2),
2M,(v)

e

EEX (v, vm) <

Proof. Let X1, ..., X, be an additional i.i.d. sample from v, and write 7, for the corresponding
empirical measure. Using the definition of £, in (1.2.3), we can compute

n

B2 (v, i) = E[ 5 SO 1% - Xl - 5 SO K- Kl

i=1 j=1 i=1 j=1
1 n n
- S Y IX = X0
i=1 j=1
2
= —E[| X1 — X",
n

The conclusion then follows from taking the expectation of the expression

- 1
E[é’,f(yn, V) yn] = E2(v,vn) + ~E[[ X1 = X"

and the inequality |z + y|” < 2001} (|z|7 + |y|?) for all z,y € R. O

In other words, the expected energy distance between empirical and population measures
decays at the parametric rate. This is not terribly surprising, as similar results hold for any
MMD with bounded kernel. In addition, [85, Theorem 7| also shows using McDiarmid’s
inequality that the same quantity is sub-Gaussian with variance proxy O(1/n).
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Representation as a Sliced Distance

Another equivalent characterization of the generalized energy distance is as a “sliced” distance.
Sliced distances are calculated by first choosing a random direction, and then computing a
one-dimensional distance in the chosen direction between the projections of the two input
distributions. One popular choice for the one-dimensional metric are the Wasserstein distances
[133, 57, 132, 56, 158|, as slicing alleviates the prohibitive computational burden due to the
curse of dimensionality. Sliced distances are also studied for general one dimensional metrics
[152, 131], and most relevantly for us, for Cramér’s distance in particular [130, 129, 208|.
The latter, as we shall see in Proposition 1.2.3 below, is precisely equivalent to the energy
distance. To extend this beyond just the setting v = 1, define the function

Uy () = { gy ! (1.2.8)

I{x > 0} otherwise.

To the best of our knowledge, the following result is novel for v # 1. For the case v = 1 see
for example [190, Equation (2.5)].

Proposition 1.2.3. Let v € (0,2) and let u,v be probability distributions on R? with finite
v ’th moment. Then for (X,Y) ~ u® v we have

2
Ep,v) = / / Ey,((X,v) —b) — Ey,((Y,v) — b)| dbdo(v), (1.2.9)
gd—1
here S, = Aoy h 1 and S = %,
WRETE Oy = 72”*1F(d+TW)cos2(”(74*1>)f‘(1_77)2 wnen # an 1= (i)

The proof of Proposition 1.2.3 hinges on computing the Fourier transform of the function
., which can be interpreted as a tempered distribution. We point out a special property of
the integral on the right hand side of (1.2.9): after expanding the square, one finds that the
individual terms in the sum are not absolutely integrable for v # 1. Nevertheless, due to
cancellations within the squared quantity, the integral is finite.

1.3 Related work

In this section we survey prior results on problems related to the results of this thesis.

1.3.1 Estimation, Goodness-of-Fit and Two-Sample Testing

Ingster was the first to study minimax goodness-of-fit testing. In [112] he studies the problem
for the Gaussian sequence model, see also [68]. In [111] he derives the minimax sample
complexity of goodness-of-fit testing under L? separation for densities on [0, 1] with bounded
W3 norm, where the Wg—norm denotes the L, norm of the 8’th derivative whenever f3 is
an integer, and the usual generalization thereof for non-integers. In [110]| he extends these
results to LP separated densities with bounded Wf norm for general 1 < p < oo assuming
p < q when p < 2 and p = ¢ otherwise. In particular, setting p = 1 and ¢ = oo recovers the
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result from row Py and column nger in Table 1.1. These results are extended to multiple
dimensions and two-sample testing in [10, 139]. We are not aware of explicit prior work on
two-sample testing for the Gaussian sequence model, but for regular cases such as the one we
study, the results and methods carry over trivially. The estimation problems over Py and Pg
are even older, for the former see the work by Chentsov [43] Bretagnolle and Huber [33] and
Ibragimov and Has'minskii [107] along with their book [109, Section IV.4|. For the latter
class Pg, see Ibragimov and Has'minskii’s book [109, Section VII.4] and their papers [108,
106].

NHT NGoF Rrs NEst
Pu(B,d) | 1/e2 | 1/e2B+d/2)/8 min{n, m} > ngor eni ¢
Po(B,d) | 1/e | 1/e2s+1/2/s min{n, m} > ngor eni r
Pob(8,d) | 1/€ VEk/€e min{n, m} > ngor eni r

\/E K2/3
max{n, m} > 2 + ars = nNTs
Po(B.d) | 1/e2 | Vk/e ” €
min{n, m} > ner/@

Table 1.1: Prior results on testing and estimation.

Turning to the discrete case, we note that the survey [36] gives an excellent and highly
detailed historical record of results and techniques. Goldreich and Ron introduced uniformity
testing to the computer science literature in [81], and Batu et al. consider goodness-of-fit
testing in [19]. In a sequence of follow up works, with [162] notably introducing the classical
lower bound construction, the results were eventually improved to the optimal @(\/E /€?).
We note that many of these results are in fact implied by Ingster [110]. Two-sample testing
was solved in the milestone paper [199]. Estimating discrete distributions in total variation is
solved optimally by the empirical measure. The first appearance of the result is unclear, the
note [35] provides an exposition of related results. The aforementioned results all concerned
the class Pp of all discrete distributions, but one can easily specialize their proofs to apply to
Pop and obtain optimal testers.

1.3.2 Likelihood-Free Hypothesis Testing

In this section we survey prior work relating to LFHT.

Ziv and Gutman

LHFT initially appeared in Gutman’s paper [90], building on Ziv’s work [212], where the
problem is studied for distributions on a fixed, finite alphabet. Ziv called the problem
“classification with empirically observed statistics”, to emphasize the fact that hypotheses are
specified only in terms of samples and the underlying true distributions are unknown. In
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[209] it is shown that the error exponent of Gutman’s test is second order optimal. Recent
work [98, 93, 92, 30] extends this problem to distributed and sequential testing. However, the
setting of these papers is fundamentally different from the one studied in this thesis, a point
which we expand on below.

Given two arbitrary, unknown Pyx, Py over a finite alphabet of fixed size, Gutman’s test
(see [209, Equation (4)]) rejects the null hypothesis Hy : Pz = Px in favor of the alternative
H, : Pz = Py if the statistic GJS(/P\X,/Isz, «) is large, where P denotes empirical measures,
GJS denotes the generalized Jensen-Shannon divergence defined in [209, Equation (3)] and
a =n/m. In other words, it simply performs a two-sample test using the samples from Px
and Pz of size n and m respectively, and completely discards the sample from Py. In light of
our sample complexity results this is strictly sub-optimal due to minimax lower bounds on
two-sample testing, see the difference of light gray and striped regions in Figure 1.1.

More generally, the method of types, which is a crucial tool for the works cited above,
cannot be used to derive our results, because in the regime where the alphabet size k scales
with the sample size n, the usual (Z) = ¢°(") approximation no longer holds, i.e. these factors
affect estimation rates and do not lead to tight minimax results. As a consequence, one
cannot deduce results about the minimax sample complexity of LFHT from works on the
classical regime because the latter do not quantify the speed of convergence of the error
terms as a function of the alphabet size. Specifically, let us examine [209, Theorem 1], which
is a strengthening of the results of [90]. Paraphrasing, it states that for any fixed ratio
a =n/m and pair of distributions (Px,Py), Gutman’s test has type-II error bounded by 1/3
when given samples from Py and Py as input, and type-I error bounded by exp(—An) given
arbitrary input, where

X = GIS(Px. Py, ) + | L Py @) g oy (M> (1)

n n

as n — oo. Here V' denotes the dispersion function defined in [209, Equation (9)| and & is
the standard normal cdf. The crucial point we make here is that in (1) the dependence of the
O(log(n)/n) term on Px, Py, and in particular their support size k and the ratio o = n/m is
unspecified. Because of this, (1) and similar results cannot be used to derive minimax sample
complexities as min{n, m, k} — oo jointly at possibly different rates.

This distinction between the fixed alphabet size setting studied in [90, 212, 209] and similar
works, and our large alphabet setting was recognized by [102, 103, 123, 124] whose results are
much closer to those presented in this thesis. In [103] Huang and Meyn introduce the concept
of “generalized error exponent” to deal with support sizes that grow superlinearly with sample
size (referred to as the “sparse sample regime” by them) in the setting of uniformity testing.?
In [102] they extend this idea to LFHT and say, quote,

“In the classification problem, the classical error exponent analysis has been
applied to the case of fixed alphabet in [212] and [90].... However, in the sparse
sample problem, the classical error exponent concept is again not applicable,
and thus a different scaling is needed."

2Uniformity testing is the problem of goodness-of-fit testing where the null is given by a uniform distribution.
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Kelly et al.

The first time that LFHT appeared formulated as a minimax problem is in [123, 124]; let
us stick to the notation that we have introduced for LFHT. Both papers consider discrete
distributions on the alphabet {1,2,...,k}, and are the first to study LFHT in the minimax
sense as n,m and k grow towards infinity. In more detail, these papers consider the setting
when both Py and Py (and consequently Py) are guaranteed to be close to uniform in the
sense that the ratio of their pmfs to the uniform is bounded both above and below by a
constant. This is simply our class Pp, with an additional lower bound assumption. They
assume moreover that the guaranteed separation, e, between Py and Py is fixed at a constant
level and that n = m (i.e. the “simulation” sample size and the real data sample size is the
same). Finally, they are only concerned with characterizing when the sum of type-I and
type-II error probabilities decays to 0, thus disregarding the dependence on the probability
of error (0 in our notation) of the sample complexities.

The main result of the two papers is that the relation n > vk is necessary and sufficient
in order to have vanishing probability of error [123, Theorem 3 & 4|. Due to the equiv-
alence between LFHT and two-sample testing in the equal sample size n = m case (see
Proposition 1.4.1), their result follows from the fact that the minimax sample complexity
of two-sample testing over their distribution class (which is a subset of our Ppy) is given by
Vk/€%; setting € = ©(1) recovers their claim. The test that they use for this is precisely the
same as that in my first paper on LFHT [77], which we discuss in Section 1.4.

The results discussed so far are interesting on their own, however Kelly and his coauthors
go on to show that some natural tests are not able to achieve this optimal sample complexity.
Writing px, py, pz for the empirical pmfs of Px, Py and Py respectively, each of the tests
they consider are of the form:

reject Hy if d(px||pz) > d(py||pz)

for some measure of distance d. Above we already mentioned that taking d(a||b) = ||a — b||2
achieves the entire range n > v/k. Additional choices they consider are the Jensen-Shannon
divergence, the y?-divergence and Hellinger distance.

They show that using either the Jensen-Shannon divergence [124, Theorem 3| or the
x>-divergence [124, Theorem 5] in place of d results in vanishing error probability provided
n > k for arbitrary discrete distributions as input (i.e. the class Pp), but the performance
breaks down as soon as k ~ n even on the more regular class Ppy, [124, Theorem 4 & 6]. They
conjecture, based on numerics, that the same negative result holds for the Hellinger distance.

Huang and Meyn

Follow-up work [102] extends the results of Kelly et al. to the case m # n, showing that
LFHT is possible over the class Ppy, if and only if & < min{n? nm} [102, Theorem IIL.1.].
In addition, they go further and study the dependence on the probability of error ¢ in the
‘sparse regime’ n, m = O(k). They exhibit a novel test statistic based on collisions for which
the sum of type-I and type-II decays as exp(—J min{n? nm}/k) for some J > 0 (in the
regime € = ©(1) that is). Surprisingly, they also show that the difference of L?-distances test
analysed by Kelly et al. (and us later in this thesis) does not enjoy this rate i.e. J = o(1).
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Remark 4. While the authors of [102] disregard the dependence on €, their proof contains
all that is necessary to derive the optimal dependence on € when m,n < k; they even state
after Proposition VI.1. that J = ©(e*). The optimal error decay over all of Ppy reads
exp(—€*©(min{nm/k,n*/k,m/e’})), as we show in Section 1.5.

Remark 5. Huang’s work [102, 103, 101] seems to have been somewhat underappreciated at
the time. First, in the proof of [102, Theorem III.1.] he proposes to split each support element
into multiple elements uniformly, an idea that form the basis of “flattening”/“Goldreich’s
reduction” [64, 82, 80, 62] and one that we use in our analysis of the class Pp in some
regimes. Second, he is the earliest reference that studies the dependence on the probability of
error 0 for both uniformity testing and LFHT. For both problems he identifies the optimal,
sub-Gaussian dependence on 0 in the sparse regime n,m < k, disregarding the dependence
on the separation €. Recent progress has resolved the high-probability sample complexity of
goodness-of-fit testing [63] and two-sample testing [62], to which Huang’s work is a precursor.
Finally, [88] follows Huang’s work (which uses analytical depoissonization [115] and the
saddle point method [55]) closely to pin down down the minimaz optimal sample complexity
of uniformity testing up to a multiplicative (1 + o(1)) factor.

Acharya et al.

Another related line of work studies LFHT (or ‘classification’ as the authors call it) in a
competitive setting. |3, 2| considers discrete distributions in the case n = m and measures
sample complexity relative with respect to a symmetric oracle tester which has full knowledge
of the underlying distributions Px, Py but doesn’t know whether P, = Px or Py = Py In
[4] this problem is studied instead in the m =1 case, i.e. the setting that is more classically
referred to as classification in statistics and machine learning.

Nonparametric Classification

The last connection that we mention is to classification as studied in the nonparametric
statistics community. Representative works are for example [205, 146], but the literature is
vast and we don’t attempt to review it here. In general, these papers are interested in the
case m = 1 i.e. when we observe a sample of size 1 from Pz and wish to assign it to either
Px or Py. Note that our LFHT problem is ill-posed when m < 1/e?, and when m =1 in
particular, because even the optimal Neyman-Pearson likelihood-ratio test between Px and
Py, when fed a single observation from Py, will be wrong with probability 5(1 — TV(Px, Py))
of the time. Thi optimal error probability is also called the “Bayes error”. In contrast, in
LFHT we require that this error be less than a constant, taken to be 0.3 throughout this
thesis for concreteness. Therefore, these works have a different objective compared to ours:
they study the rate at which the classification error approaches the Bayes error as a function
of n. In [205] for example it is shown that this rate is equal to the rate of density estimation
over many popular nonparametric classes, for example Besov spaces, with the takeaway that

3Symmetric means that the output of the test is measurable with respect to the joint fingerprint of the
three samples from Py, Py, P;. The joint fingerprint is simply the array with index N> that for each triple
(a,b,c¢) counts the number of support elements that receive a, b, ¢ observations from Py, Py, Py respectively.
Note that the likelihood-ratio test is not symmetric in general.
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“classification is no easier than estimating the conditional probability in a uniform sense”. In
the setting that we study this conclusion fails to hold, as LFHT turns out to be significantly
“easier” than estimating the distributions Py, Py and P.

1.3.3 Classifier-Accuracy Testing

The first appearance of the idea of using a trained classifier to test whether two distributions
are equal was in [72|. Since then, the method has enjoyed popularity in empirical circles,
notably in neuroimaging [83, 210, 165] and likelihood-free inference [91, 67, 196, 5]. The
theoretical understanding of the usage of classifiers for testing is much more limited. The
only substantial work on the matter we are aware of is [126]|, where authors study the
minimax power of classical algorithms (such as LDA) for Gaussian mean testing in high
dimension. They also derive some results for general classifiers [126, Section 9|, which apply
exchangeability /permutation arguments or the central limit theorem to the classifier accuracy
statistic (see (1.5.15) for the definition) as the test sample size goes to infinity, regarding the
classifier as fixed.

1.4 LFHT in the Constant Error Regime

This section presents our first results about the region R ¢ defined in (1.2.2). More concretely,
we fully characterize Ry in the constant error (6 = O(1)) regime for all classes P introduced
in Section 1.2.2; with the exception of Pp, where we loose a log(k)-factor. It is based on the
preprint [77] which is joint work with Yury Polyanskiy, and is reproduced in full in Chapter 2.
We start this chapter with some motivation for LFHT, and an outlook towards potential
future research directions.

1.4.1 Motivation and Outlook

A setting called likelihood-free inference (LFI), also known as simulation based inference
(SBI), has independently emerged in many areas of science over the past decades. Given an
expensive to collect dataset and the ability to simulate from a high fidelity, often mechanistic,
stochastic model, whose output distribution and likelihood is intractable and inapproximable,
how does one perform model selection, parameter estimation or construct confidence sets?
The list of disciplines where such highly complex black-box simulators are used is long,
and include particle physics 9], astrophysics [7], climate science [97], epidemiology [155],
neuroscience [70] and ecology [24] to just name a few. For some of the above fields, such
as climate modeling, the bottleneck resource is in fact the simulated data as opposed to
the experimental data. In either case, understanding the trade-off between the number of
simulations and experiments required to do valid inference is crucial.

Let us make the above more formal. Suppose that we have a parameter set © C RP and a
simulator S : © x [0, 1] — R, which given an external seed U ~ Unif([0, 1]) and a parameter
setting 6 € O, produces the random variable S(0,U) ~ Py. In addition to the simulator S,
we also observe an i.i.d. dataset Z, ..., Z,, with unknown distribution P, that is produced
by our real-world experiment. The goal of likelihood-free inference is to find a parameter
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setting 0 such that P; is close to Pz according to some notion of similarity. Most often we will
be using total variation, denoted TV, to measure distance between probability distributions.
Instead of producing a good approximation P, one could also be interested in estimating
the true parameter 6* € arg ming_o TV(F, Pz) itself, or to construct confidence sets that are
guaranteed to cover #* with certain probability.

In this thesis we are focused on minimax performance guarantees, that is, we search for
algorithms that guarantee a certain level of performance given every input that satisfies a
pre-specified constraint. It is intuitively obvious that the quality of performance we can
guarantee will depend monotonically on the strength of these assumptions. Let us write P for
a set of distributions that contains all potential simulator outputs, so that { Pp}sce C P, and

suppose that we have a finite number of possible parameter settings, say © = {1,2,..., M}
for some M > 2. We outline some natural questions that arise from this model below.
Let us be given i.i.d. simulation samples from each of Py,..., Py of size ny,...,ny

respectively. Write ¢ = argmin,;,, TV(F;, Pz) for the parameter setting for which the
simulator’s output is closest to the real data distribution Py.

Question: How large must {n;}i1<;<p and m be to identify ¢* w.h.p.? (Q1)

Here “w.h.p.” abbreviates “with high probability”. Clearly the answer to (Q1) will depend
on the geometry of the set {P;}1<;<ps. This chapter is about (Q1) in the case when M = 2,
Py € {Py, P,} and under the assmption that TV (P, P») > € for some small € > 0. Recall from
Section 1.2 that we call this problem “LFHT” which is short for “likelihood-free hypothesis
testing”. It is essentially a version of binary hypothesis testing where the two hypotheses
P, and P, are specified only approximately via the two i.i.d. samples. An alternative and
perhaps more apt name could have been “three-sample testing”. As we’ll see in our review
of past work, the problem has also been called “classification” by the information theory
literature. This is somewhat different from the modern usage of the word by the statistics
and ML communities, where classification usually refers to the above problem in the special
case m = 1.

Although what we have covered above is all we need to understand the results of this
chapter, let us sketch some additional questions that could be the subject of future research.
Readers can safely skip to Section 1.4.2.

Instead of requiring that we perfectly identify 7%, one could relax this to a list-decoding
question. Let I be a subset of [M] that we choose based on the observed data.

Question: For given {n;}1<;<pr and m, how large must the set T

I (Q2a)

be to ensure that * € I w.h.p.?
Question (QQ2a) is essentially the question of constructing confidence sets. Alternatively, if
we are more interested in finding a parameter for which the simulator approximates the true
distribution well, and don’t care whether we approximate the best parameter itself closely,
we can change (Q2a) to the following.

Question: How large must {n;}1<;<ps and m be to identify T with

2b
TV(P, P) < € in expectation or w.h.p.? (Q2b)
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A potential name for the problem (Q2b) could be “likelihood-free estimation” and can be
interpreted as modeling a grid-search in LFI. In this interpretation we would run the simulator
ni,...,ny times with parameters 61, ..., 6y, respectively, producing i.i.d. datasets from the
distributions P, == Fy,, ..., Py == FPp,, making up our grid-search.

If our resources are constrained, we might wish to minimize the total number of simulation
samples nq,...,ny used to identify our candidate i, Suppose that instead of drawing a
pre-specified number n; observations from P;, we could choose an index i € [M] at each step
and observe an independent draw from F;; call such a sequential algorithm “active”.

Question: How large must 3.2 n; and m be to identify 7 with TV(P, Pr) <€

in expectation or w.h.p. using an active algorithm?

(Q3)

Actively choosing which parameters to simulate from is an important technique that is widely
used by practitioners. For example, in the review [51] authors say that active learning is “...a
key idea to improve the sample efficiency...” and that “even simple implementations can lead
to a substantial improvement in sample efficiency”.

1.4.2 General Reductions

Before diving into results specific to distribution classes, let me describe a number of general
reductions between LFHT and the problems defined in Section 1.2.2. Some of these reductions
are not with high probability. While sample splitting and majority voting can amplify any
nontrivial success probability to, say 1— 4, this inflates the sample sizes by a factor of log(1/4)
which we’ll see is sub-optimal except for simple binary hypothesis testing. Therefore, some of
the reductions below are only useful in the regime § = ©(1), that is, when we only require a
constant guarantee on the total error probability of our testing procedure.

Proposition 1.4.1. Let P be a generic family of distributions. There exists a universal
constant ¢ > 0 such that for n,m € N the following implications hold.

*

(n,m) € Rig = m > ny, (1.4.1)
(n,m) € Rrs == nAm > ngoF, (1.4.2)
(n,m) € Rig = ¢n > neor, (1.4.3)
(n,m) € Rrs = (n,m) € RuF, (1.4.4)
m >n and (n,m) € Rig = (cn,cm) € Rrs, (1.4.5)

€,0.3,P) for simplicity and implications marked with * also

where we omit the argument (e,
€,0,P). In particular

hold with with the argument (
NZ_,, N R (6,0.3,P) < N2_,, NRrs (6,0.3,P), (1.4.6)
where N2, = {(n,m) € N* : n <m}.

Proof. In what follows, let ¥ g, 15 be minimax optimal tests for LFHT and two-sample
testing respectively. Throughout the proof we omit the arguments (€, d, P) and (e, 0.3, P) for
notational simplicty.
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Let us start by reducing hypothesis testing to LFHT. Suppose (n, m) € Rig. Let Py,P; € P
be given with TV(Py,P;) > € and suppose Z is an i.i.d. sample with m observations. We
wish to test the hypothesis Hy : Z; ~ Py against Hy : Z; ~ P;. To this end generate n i.i.d.
observations X, Y from P, P; respectively, and simply output W g(X,Y, Z). This shows that
if (n,m) € Ri¢ then m > nyr and concludes the proof of (1.4.1).

Next, we reduce goodness-of-fit testing to two-sample testing. Suppose (n,m) € Rrs.
Then obviously (n Am,00) € Rts. However, two-sample testing with sample sizes (n A m, 00)
is equivalent to goodness-of-fit testing with a sample size of n A m. Therefore, n A m > ngor
must hold, concluding the proof of (1.4.2).

Next, we reduce goodness-of-fit testing to LFHT. Suppose (n,m) € R with m < n.
Let a distribution Py € P be given as well as an i.i.d. sample X of size cn with unknown
distribution Py, where ¢ € N is a large integer. We want to test Hy : Px = Py against
H, : Px € P,TV(Px,Py) > ¢. Generate ¢ x 2 i.i.d. samples Y®, Z® for i = 1,..., ¢ of size
n, m respectively, all from Py. Split the sample X into ¢ batches X i =1,..., ¢ of size n
each and form the variables

Ap = Up(X0 Y0, Z20) — e (X0 YO x {0

fori =1,3,...,2[¢/2] — 1, where X1(22n denotes the first m observations in the batch X®.
Note that the A; are i.i.d. and bounded random variables. Under the null hypothesis we
have EA; = 0, while under the alternative they have mean EA; > 0.3. Therefore, a constant
number ¢/2 observations suffice to decide whether Py = Py or not. In particular, cn > ngor
which concludes the proof of (1.4.3) for the case m < n. The case n < m follows from (1.4.5)
and (1.4.2).

Now we reduce LFHT to two-sample testing. Suppose (n,m) € Rys. Let three samples
X, Y, Z be given, of sizes a, a, b from the unknown distributions Py, Py, Pz respectively, where
{a,b} = {n,m}. We want to test the hypothesis Hy : Py = Py against H; : Py = Pz. Then,
the test B

\IJLF<X, Y, Z) = \IfTs(X, Z)

shows that (n,m), (m,n) € Rir and concludes the proof of (1.4.4).

We now reduce two-sample testing to LFHT. Suppose (n,m) € R where m > n. Let two
samples X, Y be given, from the unknown distributions Px, Py € P and of sample size cn, cm
respectively, where ¢ € N is a large integer. We wish to test the hypothesis Hy : Px = Py
against Hy : TV(Px, Py) > €. Split the samples X,Y into 2 x ¢ batches X® Y@ i =1,... ¢
of sizes n, m respectively, and form the variables

A = WX Y0 YV E) — (v, X0,y 0+D)
fori=1,3,...,2|¢/2] — 1, where Yl(l,z denotes the first n observations in the batch Y®. The
variables A; are i.i.d. and bounded. Under the null hypothesis we have EA; = 0 while under
the alternative EA; > 0.3 holds. Therefore a constant number ¢/2 observations suffice to
decide whether Py = Py or not. In particular, (cn,cm) € Rys which concludes the proof of

(1.4.5).
Finally, for the equivalence between two-sample testing and LFHT, namely Equation
(1.4.6), follows immediately from (1.4.5) and (1.4.4). O
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All reductions above, with the possible exception of Equation (1.4.6), are obvious. Equa-
tion (1.4.6) says that the problems of likelihood-free hypothesis testing and two-sample testing
are equivalent for m > n, i.e. when we have more real data than simulated data. We will see
in the next section (and on Figures 1.1 and 1.3 visually) that the distinction between n < m
and m < n is necessary.

1.4.3 Ingster’s Goodness-of-Fit Test for Smooth Distributions

In his seminal paper [110] Ingster computes the minimax sample complexity of uniformity
testing for a range of Sobolev spaces, measuring separation with respect to LP,p > 1.
Additionally, he provides matching minimax lower bounds for each of the cases he considers.
Most relevant to us, he obtains the famous formula

neor(€,0 = O(1), Pu(B,d =1,C = O(1))) =< e 3+1/2/8,

This result stands in contrast with the, at that time already known, density estimation result
nest < € 2FHD/B: the sample complexity of goodness-of-fit testing enjoys a savings of 1/(2/)
in the exponent of e. This fact, that testing is (substantially) easier than estimation, is more
general and continues to hold in general dimension d in which case sample complexities read
¢~ (26+d/2)/8 110, 139] and e~ F+D/ respectively.

Ingster’s approach was to reduce to the problem of uniformity testing over the class Ppp
(bounded discrete distributions) by discretizing the interval [0, 1] using a regular grid. Once
discretized, he simply computes the L?-distance between the known null distribution’s p.m.f.
and the empirical p.m.f. of the data. More concretely, given i.i.d. data Xi,..., X, € [0,1]
and a resolution k, form the empirical p.m.f.

5= 1 R e )

j=1
and reject the null hypothesis that the X; are drawn from the uniform distribution on [0, 1] if
1P = 1/kll2 =~

for an appropriate (k,n)-dependent threshold .

Notice that ||p; — 1/k||2 = S35, p? — 1/, so Ingster’s test for uniformity is equivalent
to thresholding Zlej)\%, which is known as the collision statistic. The name comes from
the fact that SF | p2 = #{(4, ) : X; = X;}/n®. While largely overlooked by the computer
science community, Ingster’s work subsumes a lot of early progress in the distribution testing
literature [81, 20|, including the upper and lower bound analyses as well as the test statistic
itself.

The key step enabling Ingster’s reduction is to show that the separation between any two
smooth distributions doesn’t degrade too much by going from continuous to discrete.

Lemma 1.4.2 (|10, Lemma 7.2]). Givenr € N and j € {1,...,r}%, let B; = (j — 1)/r +
0,1]¢/r be the hypercube of sidelength 1/r with center (j — 1/2)/r. Define the map P, by

(R)w) = 3 o€ B)) (% | f(y)dy> .

j€[r]d
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Then, for any 5,C > 0 and d > 1 there exist constants ¢, > 0 such that for any f € C(B,d,C)
we have

1fll2 > [P fll2 > el flla = ¢r°.

Remark 6. Note that P, is the L* projection onto the space of functions piecewise constant
on the cubes B;, which assigns for each x € B; the average value of the input on the box B;.
We can also regard P, as a projector onto the Haar wavelet basis.

If we take f to be a probability density in Lemma 1.4.2, then P, f is precisely the density
of the discretization of the original distribution on the regular grid. Therefore, Lemma 1.4.2
can be used to justify the reduction of Ingster from Py to Ppy: taking r =< e /? preserves
e-separation with respect to L? distance, which can then be converted to separation under
total variation via Holder’s inequality.

On first look it might be surprising that Lemma 1.4.2 is true and can lead to minimax
optimal testing results for all levels of smoothness 5 > 0. Suppose we observe i.i.d. observa-
tions from the unknown S-smooth density f on [0, 1]? and consider the following scheme to
estimate f: simply output the histogram of the observations when discretized on the regular
grid with mesh r = ¢71/#. Tt is well known (see for example [35, Theorem 1]) that we need
O((r? +log(1/5))/€?) observations to estimate any discrete distribution with support size
r¢ within e-TV distance with probability 1 — 6. Therefore, if we take 7 = e/, this process
seems to produce an estimator of f with the minimax optimal sample complexity e~ (2#+4)/8,
However, it is common knowledge that this is not true for § > 1!

Indeed, to complete our fictitious analysis of the proposed density estimator we need an
upper bound on ||f — P,f||> of order 7—#, which can be shown to be false in general. The
best such result that holds in general is ||f — P, f||o < r=#", and this can be seen from the
following simple example. Suppose that f(x) = 1/2 4 z for x € [0,1] so that f lies in our
[-smooth class Py for any 5 > 0. Suppose we discretize f on a grid with mesh 1/r using the
operator P, defined in Lemma 1.4.2. Then

1/(2r)
I = P2 =r / 2z =

—1/(2r) 12T2 ’

which proves that || f — P.f|la <! is the best bound one can hope for even for § > 1.
Summarizing, taking histograms produces optimal density estimators only for § < 1. This

does not contradict our results in the previous subsection, because Lemma 1.4.2 only asserts

that ||f|la ~ || P f|l2 whenever | f|l2 = r~# and makes no claims about the magnitude of

If = Pof. -

1.4.4 Results for Regular Classes

Inspired by Ingster, we proposed the following test for LFHT.* To simplify our presentation,
let us focus on the case of Ppy, that is, bounded discrete distributions with support in
{1,2,...,k}. We observe i.i.d. random variables X1,...,X,, Y1,...,Y, and Z;,..., Z,, from

4Note that this statistic was already studied by [123, 124, 102] in some regimes, see Section 1.3.2 for more
on the history.
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Py, Py, Py respectively. Writing px, py, pz for the corresponding p.m.f.s, we construct their
empirical versions, that is, the normalized empirical frequencies denoted py, py, pz. Our test

rejects the null if ||px — pz|l2 > ||py — Dz||2 and accepts it otherwise.

A conceptually simple, although long, mean-variance analysis of this statistic coupled with
Chebyshev’s inequality yields the following result characterizing R ¢ for the three “regular”
classes and when 6 = ©(1).

Theorem 1.4.3. For each choice P € {Pn, P, Pob} we have
Rir (6,0.3,P) < {m > 1/¢2,n > ngor (6,0.3,P) ,mn > neor (€, 0.3,73)2 },

where the implied constants do not depend on k (in the case of Ppp) or €.

While we won’t cover the tedious calculation here, let us point out one aspect of the
analysis. Notice that the region that we obtain R is asymmetric, since m can be as small
as O(1/€?), but n is constrained to be at least ng,r > 1/€%. As mentioned above, the
achievability direction of Theorem 1.4.3 follows by analyzing the mean and variance of the
statistic

T = ||px — bz|5 — ||pv — Dz|5

_ IPx B 11 | 2 NSSS G ) e )pa)
n2 nm i=1 j=1 i ) e

From the expanded expression in the second line above one can already glean where the
conditions on n and mn may come from. The key point is that the ||pz]|5/m? term is cancelled,
which is precisely what allows us to take 1/€2 < m < ngor. Phrased another way, the values
of ||[px —Dzll2 and ||py — pz||2 are awful as estimators of the population distances ||px — pz||2
and ||py — pzl|2; however they are “awful in the same direction”. We defer the discussion of
the lower bound constructions to Section 1.7

Figure 1.1 visualizes the region R ¢ for the classes covered in Theorem 1.4.3, and Figure
1.2 shows the empirical trade-offs for LFHT and two-sample testing from simulation on a toy
problem.? In light of the reductions in Proposition 1.4.1, we see that the points {A, B, C,D}
of Figure 1.1 have special interpretations. A corresponds to the limit as n — co. In this case
LFHT is equivalent to binary hypothesis testing in which case m = ©(1/¢?) observations
suffice from Pz. On the other extreme, D shows the limit as m — oco. In this case we know
the distributions P exactly, but we do not know whether it is equal to Py or Py. Discarding,
say, the Y-sample and applying an optimal goodness-of-fit testing procedure to test whether
Px = Pz, we can prove that the point D = (m = 00, n = ngeF) is achievable. Conversely, our
reduction (1.4.3) shows that this is the best possible, that is, n cannot decrease below ngoF.

The lines m = 1/¢? and nm = nZ ¢ intersect at B = (n2 €2, 1/¢?), this is the point with
the minimal possible value of n for which m = ©(1/€?) still suffices. As can be seen from

°In this toy problem we set ¢ = .3,k = 100 and Px = Py, Py are distributions on {1,2,...,k} with
Px(i)=(14+€-(2-1{i odd} — 1))/k =2/k — Py (i) for all : = 1,2,... k.
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Figure 1.1: log-scale plot of region where LFHT is possible at constant error level 6 = ©(1)
as per Theorem 1.4.3.
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(a) Likelihood-free hypothesis testing. (b) Two-sample testing.

Figure 1.2: n versus m trade-off for a toy experiment. Probabilities estimated over 10* runs,
and smoothed using Gaussian noise.

Table 1.1, it turns out that nZ g€® is equal up to constant to the rate of estimation ngg for
all four distribution classes we consider. With this perspective the achievability of the point
B = (nes, 1/€?) is obvious: if we collect enough observations from Py and Py to estimate
them to high accuracy, that is, to within a small fraction of the separation between the two,
then we can simply perform an ordinary robust binary hypothesis test between Px, Py using
the m observations from P.5

SFor a TV-robust hypothesis test see the seminal [104] and for Hellinger see [27].
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Finally, note from Table 1.1 that ngor = n1s for the classes considered in Theorem 1.4.3.
We saw in Proposition 1.4.1 that two-sample testing and LFHT with n = m are equivalent,
and it is this point on the trade-off that C = (ngor, ncor) = (nTs, nTs) represents.

The sample complexity of LFHT naturally interpolates between that of multiple founda-
tional statistical problems. We point out a curious fact that is obvious as a result of the
above discussion: since the product of n and m remains constant on the line segment [B, C]
on the left plot of Figure 1.1, it follows that

nest(€,0.3,P) < ng g (€,0.3,P) € (1.4.7)

for each class P treated in Theorem 1.4.3. This relation between the sample complexity of
estimation and goodness-of-fit testing has not been observed before to our knowledge, and
the generality of this phenomenon remains open.

Question: For what classes P does the relation (1.4.7) hold? (Q5)

It seems likely that the answer is along the following lines: classes for which a mixture over a
hypercube provides the least favorable construction. According to personal correspondence
with Zeyu Jia and Yury Polyanskiy, there exist convex bodies for which (1.4.7) breaks down
under the Gaussian sequence model.

1.4.5 Results for the Unrestricted Discrete Class

Theorem 1.4.3 doesn’t cover the class Pp of all discrete distributions. This is no accident,
as this case requires special attention. The proof of Theorem 1.4.3, that is, the analysis of
the L2?-based test utilizes the fact that the density is bounded repeatedly. However, such a
bound is no longer available in the case of Pp.

In order to salvage the analysis from the regular cases, we searched for a way to reduce from
Pp back to Ppp, or at least to obtain some control over the infinity norm of the probability
mass functions. It turns out that in the distribution testing literature this reduction is known
as “flattening” [102, 64, 80]. The idea is to split your dataset into two parts. Using the
empirical frequencies from the first part you obtain an estimate of the mass placed on each
element of the support. Then, you divide each support element into additional artificial
buckets whose number is proportional to the empirical frequency in the first split. This
processing step maintains total variation distances and thus the e-separation between Px and
Py Furthermore, using a union bound where we lose a factor of log(k), this ensures that the
maximum of the p.m.f.s of both distributions Px, Py are controlled. Then, on the second
split of the data we simply apply the L2-based test just as before. This strategy leads us to
the following result.

Theorem 1.4.4. Let a =1V (EAE). Then

m > 1/627n > TLGOF(€,O.3,PD) ’ \/a}

Rur (€,0-3,Pb) Siog(r) { mn > negor(€,0.3,Pp)? -

where the equivalence is up to a logarithmic factor in the alphabet size k.
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Remark 7. Note that Rig(€,0.3, Po(k)) < Rir(e, 0.3, Ppp(k)) in the regime k < 1/€*.

See Figure 1.3 for a depiction of the region in Theorem 1.4.4. Our follow-up work, which we
cover in Section 1.5, along with prior work on two-sample testing [62| removes the log(k)-factor
in Theorem 1.4.4.

*A

1/€2 NGoF m

Figure 1.3: log-scale plot of region where LFHT is possible at constant error level over Pp in
the regime k > 1/€*. For k < 1/¢* refer to Figure 1.1.

1.5 Testing and Estimation by Classification

In this chapter we study testing and estimation algorithms whose key step is identifying sets,
or equivalently, binary classifiers, where two distributions differ.

In Sections 1.5.1 to 1.5.3 we look at using half-spaces to separate distributions, and how
our insights can be used for density estimation and two-sample testing. Most of this material
is based on the preprint [75] which is joint work with Tianze Jiang, Yury Polyanskiy and Rui
Sun, which can be found in full detail in Chapter 5.

Second, in Sections 1.5.4 and 1.5.5 we will look at learning arbitrary separating sets, which
will lead, among other results, to achieving the optimal high probability sample complexity
of LFHT, improving on our results from Section 1.4. This work is based on [74] which was
published at the 36th Annual Conference on Learning Theory and is joint work with Yanjun
Han and Yury Polyanskiy, and can be found in full detail in Chapter 4.

1.5.1 Separating Distributions by Half-Spaces

We define the “half-space discrepancy” dy between two distributions y and v as

Tav) = swp (1)~ v(D)},

half-spaces X
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In other words, it is the maximal difference in mass that p and v place on any half-space.
We start with a simple, but important observation.

Lemma 1.5.1. dy defines a metric over the space of probability measures.

Proof. Clearly, for any probability measures u, v and ¢, it holds that dy (i, v) = dy(v, 1),
dg(p, 1) = 0 and dy (p,v) < dg(p, o) + dp(o,v). The last property that we must prove to
conclude is that dg(p, v) = 0 implies that p = v. For this last step, we follow the argument in
the proof of [161, Theorem 4], which introdced d concurrently to our work. They study dg
and generalizations of it for two-sample testing, we comment on their results more extensively
in Section 1.5.3. If X ~ p and Y ~ v with p # v, there must exist w € R? with

d
(w, X) # (w,Y),

as otherwise the Fourier transforms 2 and v would coincide. The conclusion follows by the
Fourier inversion theorem. [

Recalling that & denotes the energy distance, by Proposition 1.2.3 we have that

) = T2 [ [ (P 20 P 2 ) o)

=y

where do is the surface measure on S !, and X ~ p and Y ~ v. Clearly dy is similar to dpg,
except it takes an average over half-spaces instead of a maximum. This analogy isn’t quite
precise, as we integrate b over the entire real line, therefore it is not a bona fide average and
the inequality dy < dy doesn’t have to hold in general. In the next few sections we show
that such an inequality does hold for certain structured classes of distributions, and show
that distributions belonging to these classes can be separated by half-spaces surprisingly well.

Smooth Distributions

In Section 1.2.3 we already saw the class Py(,d,C) of densities on [0,1]¢ whose 3’th
derivative is bounded. Here we consider a related class. Given f € L?(R?) and 3 > 0, define
the homogenous Sobolev (semi)norm of order (3,2) of f as

1 = [ Il Fl .

When 3 is an integer, ||f]/s2 is equal, up to constant, to the L?-norm of the 5’th derivative
of f. We define Pg(3,d,C) to be the set of distributions on R? that have density p with
supp(p) € B(0, 1) and ||p||g2 < C, where B(z, r) is the ball centered at = with radius r. Going
forward, to avoid trivialities, we assume that C' is large enough in terms of # and d so that
Ps(B,d,C) contains infinitely many distributions.

Lemma 1.5.2. For every > 0,d > 1 and C' > 0 there exists a finite constant ¢ such that
for any f,g € Ps(B,d,C) it holds that

28+d+1

TV(f,9) % <cdu(f,9) (1.5.1)
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Proof. Let us write ||g|7, = [ga [9(w)[*|lw][*dw for g € L? and t € R. In the inequalities
below we use the symbols <, =< freely, indicating inequalities that hold up to constants
involving d, 8 and C'. Given any ¢ > 0 and Holder conjugates r,r*, we have

Parseval Holder 2/r 2/r
B IF =315 < 1 =l 1 = ol (1.5.2)

|—l
§02/r

1f -9

Choosing ¢ and r to satisfy pr =28 and ¢r* = d + 1, we get the chain of inequalities

Jensen 5.2

Eq. (1.
W9 S If=gl: S (||f gll_az1,) 7

5"" +1 Prop 1.2.1

(&i(f, g) 7.

The final step is to note that dy(f,g) < du(f,g) due to the compact support of f and g. [

In the proof above we used two inequalities: Jensen’s inequality to pass from TV to the
L? distance, and Holder’s inequality in (1.5.2) to bound the L? distance between f and g by
the energy distance times the homogenous Sobolev norm of their difference. Therefore, in
order to prove that (1.5.1) is the best possible result one can obtain in general, we just have
to exhibit a construction that saturates both inequalities at the same time.

In order for our application of Hoélder’s inequality to be tight, the equality

~

B — i) - gl

would have to hold for almost every w € R? and some fixed c. This is clearly only possible if
f — g is supported on a sphere of some radius k centered at 0, in which case ¢ = (1/k)?#4+L,
Unfortunately, this is impossible for f,g € Pg(5,d,C), because it would contradict the
requirement of compact support. Nevertheless, we are able to use this idea, and take f — g to
be a suitably modified version of the inverse Fourier transform of a sphere (which is a Bessel
function of the first kind [203]), leading to the following result.

Lemma 1.5.3 (|75, Proposition 7]). For any 5 >0, d > 1 and large enough C > 0, there
exists a finite constant Cy so that for any value of € € (0,1), there exist p.,v. € Ps(8,d,C)
such that TV (pe, ve)/e € (1/Cy, Cy) and

28+d+1

L 3 d—1
dH(,LLE, Ve) S ClTV<,LL€, Ve) 28 IOg (m) .

He, Ve

The bound in Lemma 1.5.3 above matches our bound from Lemma 1.5.2 exactly in one
dimension, and up to a logarithmic factor in dimension two and above.
Gaussian Mixtures

Let us write
Po(d) = {v* N(0,1;) : v € P(RY),supp(v) C B(0,1)} (1.5.3)

for the set of all Gaussian mixtures with support in the unit ball. We are able to derive a
result similar to Lemma 1.5.2 for this class of distributions too.

41



Lemma 1.5.4. For any d > 1 there exists a finite constant ¢ such that for any f,g € Pg(d)

d d / .

Proof sketch. The equation (1.5.2) still holds, except now we may let ¢r =: 23 be as large
as we wish. Note that [|f — g[|er » can be bounded by the 24’th moment of a Gaussian
distribution. Optimizing over S we find that the best choice is given by 8 =< log(1/]|f — gl|2)-

There are two additional steps to the proof, which involve bounding TV(f, g) as a function
of || f —gl|2 and dj as a function of dg. The former follows by a straightforward generalization
of [116, Theorem 22|. The latter follows by decomposing the integral in the definition of dy
into integration over a centered ball of radius \/log(1/dg(f,g)) and its complement. O

In other words, given any two Gaussian mixtures with total variation separation e, there

always exists a half-space on which their mass differs by O(e).

Discrete Distributions

Suppose we have two discrete distributions that are supported on a common, finite set of size
k. One way to measure the energy distance between them would be to identify their support
with the set {1,2,...,k}, thereby embedding the two distributions in R, and applying the
one-dimensional energy distance.

While the above approach seems reasonable, it is entirely arbitrary. Indeed, there might
not be a natural ordering of the support; moreover, why should one choose the integers
between 1 and k instead of, say, the set {1,2,4,...,2%}? The total variation distance does
not suffer from such ambiguities, and it is unclear how our choice of embedding affects the
relationship to TV. The following result attacks precisely this question.

Theorem 1.5.5. Let p and v be probability distributions supported on the set {xy,... ,xx} C

R? and let § = min,y; ||z; — x;]|. Then there exists a universal constant C' > 0 such that

o)
EXpu,v) > —=TV*(u,v).
1(#”)_k\/a (1, )

Proof. Let =% | 110, and v = 3% 146,,. Then, by [15, Theorem 1] we have

) 5 & s COTV(u,v
EL(mv) = =Y (i — vi)(nj — vyl — 5] > N ;(“i -z #

Y]

as required.

[
Notice that by our discussion above, the support set {xi,..., 2} in Theorem 1.5.5 is
arbitrary and may be chosen by us. Since the scale of the supporting points x1, ...,z is

statistically irrelevant, we remove this ambiguity by restricting the points to lie in the unit
ball, that is, we require that max; ||z;|| < 1. We see now that the comparison between &; and
TV improves as 0/ Vd grows. Given a fixed value of §, we want to make the dimension d of
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our embedding as low as possible, which means that the points x1, ..., x; should form a large
d-packing of the d-dimensional unit ball. Due to well known bounds on the packing number
of the Euclidean ball, it follows that the best one can hope for is

log(k) =< dlog(1/6).

Maximizing §/v/d subject to this constraint yields the choice d = ©(log(k)) and 6§ = O(1).
This gives us the following corollary.

Corollary 1.5.6. There exists a universal constant C' € (0,00) such that for any k > 1 there
exists a set of points xy,. .., 1, € RICEMT with max; ||2;|| < 1 such that

TV(p,v)

k k
& (S b, S v, | > — )
1(; Zl ) CVE/log (F)

for any two probability mass functions p = (p1, ..., pux) and v = (v1,..., V).

The question arises how the set of points 1, ..., x; in Corollary 1.5.6 should be constructed.
One solution is to use an error correcting code (ECC), whereby we take the x; to be the
codewords of an ECC on the scaled hypercube \/ig{:lzl}d for some dimension d, known as the
“blocklength” in this context. An ECC is asymptotically good if the message length log(k)
is linear in the blocklength d, that is d =< log(k), and if the minimum Hamming distance
between any two codewords is ©(d), which translates precisely into 6 = min,; [|z; — z;|| < 1.
Many explicit constructions of asymptotically good error correcting codes exist, see [120] for
one such example, and random codes are almost surely good [17]. Clearly the better the code
is, the better the constants we obtain in Corollary 1.5.6.

Remark 8. One interesting consequence of Corollary 1.5.6 and the preceeding discussion is
the following: given a categorical feature with k possible values, the perceptron may obtain
better performance by identifying each category with the codewords x1,...,x; of an ECC
instead of standard one-hot encoding. The idea of using ECCs instead of one-hot-encoding
has been proposed before [65, 134, 175] along with data-dependent variants [50, 69, 204]. Our
observations in this section might give some theoretical justification for these methods.

Binomial Distributions

Finally, we look at the specific case of binomial distributions.

Proposition 1.5.7. There exists a positive constant C' such that for all p,q € [0,1] and
n € N the inequality

Ef(Bin(n p), Bin(n q)) > (C'min {n!p— q| M n2(p — q)z}
I ) I - ? \/m7

holds.

The proof of Proposition 1.5.7 is based on two technical lemmas, both of which are inspired
by discussions with Yanjun Han about Poisson distributions.
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Lemma 1.5.8. Letn € Nyx € {0,1,...,n} and p € [0,1]. Then
d . :
d—P(Bln(n,p) < z)=-nP(Bin(n —1,p) = x). (1.5.4)
p

Proof. Follows by direct calculation. O]
Lemma 1.5.9. Let n € N,p € [0,1/2] and x € {0,1,2,...,n} with |x — np| < /np. Then

2.74 x 107°
P(Bi =g)>=—""" 1.5.
(Bin(n.p) =) > 5= (155

Proof. Note that if p = 0 the claim is trivially true, so assume p > 0 without loss of generality.
Let A = np and 2 € [\ &= +/)\]. We break our argument into three cases.

1. Suppose A < (3—1+/5)/2. Then A++/\ < 1, so the only valid choice for x is 0. Plugging
in, we have

P(Bin(n,p) = 0) = (1 —p)? > 2¥53 > 0.5,

2. Suppose (3 —1/5)/2 <\ < (7—+/13)/2 ~ 1.697. Then A + VA < 3 so the only valid
choices for z are 0,1 and 2. Once again, using the inequality 1 — p > e~ 14 valid for
p € (0,1/2), the following can be checked numerically:

P(Bin(n, p) = 0) = (1 — p)»P > 2V13-7 > 0.09

P(Bin(n,p) =1) = )\( p)MPTL > \e LA > 0.2
1 A

P(Bin(n,p) =2) = ( Ap)(1 — p)MP=2 > 5()\2 - 5)6_1'4’\”'8” > 0.03.

3. Suppose A > (7 — v13)/2 and z,y € A £V N{0,1,...,n} with z # 5. Then

P(Bin(n,p) =) _ y!n — y)!pa:—y(l )t = maﬁw} l—p ¢t
P(Bin(n,p) =y)  !(n— =) ey P PTLIE
min{x,y

|z—y]
1—p AV _ 1+% !
N P n—XA—vVA 1-%\%
|z—y]
1+ = _
S( f> Sexp(w),
1—\TA V=1

where we used the inequality 1 + z < exp(z) and p/(1 — p) < 1. Since |z — y| < 2v/A
and A > 1.697, we have

2w —yl) ( 4 )
ex <exp |4+ —— | < 5473.
p(¢X—1 = &P 1.697 -1/ —
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By Chebyshev’s inequality we know that

Z P(Bin(n,p) = z) > %
€ [npE2,/np]
One of the modes of the binomial distribution is always one of the two integers closest
to np, see for example [121]. Moreover, in the case A > (7 — v/13)/2 that we are
considering, the interval [np = ,/np] always contains the two closest integers to np. As a
consequence, the mode always belongs to [np £ /np|. Since [np £ /np| always contains
at least \/np points, and [np & 2,/np| contains at most 1+ 4,/np points, we get

3
Z P(Bin(n,p) = z) > 20"
z€[npE/np)

From here we immediately get

3 |
P(Bi — ) >
(Bin(n.p) =) = oo e T o

concluding the proof.

]

Remark 9. Ifp € (1/2,1] then one can replace \/np by \/n(1 —p) and the resull remains
true. Moreover, up to some technicalities, an analogous statement seems to hold for all log-
concave distributions in one dimension. Namely, every log-concave distribution puts constant
mass on meanztdeviation and the density on said range changes by at most a universal factor.

Proof of Proposition 1.5.7. Assume without loss of generality that p > ¢q. We further assume
that p < 1/2 so that we may later apply Lemma 1.5.9. This is also without loss of generality
due to the following simple reduction. Split each support element i € [k] into two, assigning
exactly half of the available mass to both. This inflates the support size by a factor of two
and maintains total variation distance. This is also known as the “flattening” [102, 64, 80|
reduction, which we already used in Section 1.4.5 of the thesis.

From (1.2.3) and Lemma 1.5.8 we have that

EZ, = EQ(Bin(n p), Bin(n, q))

= Z (P (Bin(n,p) < x) — P(Bin(n, q¢) < I)>2

—n2 (/ (Bin(n — 1,t) = )dt)Q.

Let us disregard the n? multiplier and focus on the sum. Moreover, relabel n — 1 as n to
simplify notation. Note that if n(p + ¢) < 3 then most mass is concentrated at 0 and we may
use the simple bound

i (/qp P(Bin(n, 1) = x)dt)2 > (/qp(l —~ t)”dt>2 > (p—q).

=0
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Going forward, assume that n(p + ¢) > 3 holds, and note that p > 1.5/n in this case. By
Lemma 1.5.9 we obtain

En:(/qu(Bin(n,t): ) > ( pﬂ{welftj_\/_]} )

. z}% O(/q l{xe[nti—\/_]}dt)

r=

Expanding the square and performing the sum over x, the above becomes

L (ns + v/ns — (nt — v/nt); ), dsdt.

PN Je<s<t<p

Now, since o — a — 1/« is non-negative and increasing on « > 1, we can lower bound the
above integral as

/ (ns + v/ns — (nt — V/nt) ;) dsdt > / (Vit = n(t = s))dsdt = (5).
q<s<t<p q<s<t,1/n<t<p

Suppose we further restrict the region of integration above to

1
StSp,n(t—s)§§\/ﬁ}.

V

S|

A:{(s,t):qgsgt,

N3

This immediately yields the bound (%) 2 ,/np|A| where |A| denotes the area of A. A
simple sketch of A, which is a diagonal strip in the square [p, ¢]?, shows that |A| < (p —
q) (\/g A (p— q)) Summarizing, we obtain the bound

n?(p — q)? if n(p+q) <3
£ (Bin(n,p). Bin(n,g)) 2 4 0Dy g L IPEDE
(nlp—q|) A % otherwise.

By checking the cases arising from n|p — ¢| < 1 and np < 1, one can verify that the above
bound is equal, up to constant, to the claimed result. O

1.5.2 Density Estimation Using Half-Spaces

Suppose that we observe data Xi,...,X, %y from some unknown v which is known to
belong to a class of distributions P. We define the minimum perceptron discrepancy estimator
v as

v € argmindg (v, v,), (1.5.6)

v'eP

where v, = = 37" | 0, is the empirical measure of our sample. In this section we analyse the
performance of 7 when applied to smooth distributions, Gaussian mixtures and discrete dis-
tributions. The definition of 7 is reminiscent of the idea underpinning Generative Adversarial
Networks (GANs), where the density estimate is trained in conjunction with a discriminator.
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Here the discriminator is given by a one-layer network with threshold activation. In practice
the discriminator would likely be parametrized by a deep neural network, thus (1.5.6) can be
regarded as the simplest instantiation of this idea.

Assume for a moment that we have an inequality of the form

TV(p, v)* < cdg(p,v) (1.5.7)

valid for all u, v € P and some finite constants ¢, a that depend only on P. Note that a > 1
must necessarily hold due to the inequality dy < TV. We claim that then

ETV(7,v) < d(1/n)% (1.5.8)

for a finite constant ¢’ depending only on P. Recall that the VC-dimension of the set of
half-space indicators in R? is d + 1, so that Edy(v,v,) < \/d/n for a universal implied
constant. Our conclusion (1.5.8) follows immediately from taking the expectation in the
chain of inequalities

Eq. (1.5.7) Eq. (1.5.6) ___
V@, ) < dup(mr) < 2dg(v,v)

and applying Jensen’s inequality. This brings us to the following informal result.

Theorem 1.5.10 (informal). The minimum half-space discrepancy density estimator v defined

in (1.5.6) achieves the rate n"IEET gver the class Ps(B,d,C) and the rate (logn)“s //n
over the class Pg(d).

Sketch proof. Combine Lemmas 1.5.2 and 1.5.4 with (1.5.8). O

Both rates in Theorem 1.5.10 are close to being optimal. In the case of the smoothness
class Pg(5,d, C) it is well known, see for example [107], that the minimax optimal rate of
estimation is given by n=%/(#+9) o our estimator # has the same performance as the optimal
one in dimension d + 1. The minimax optimal rate over Pg(d) is not known, but the rate in
Theorem 1.5.10 is within log(n)®@ of the unknown optimal rate.

We mention that the results of Theorem 1.5.10 can be improved if we were to replace
dy by the generalized energy distance £, in the definition of 7 in (1.5.6). In particular, for
the class Ps(3,d, C) it would improve the rate to n~%/(2#+4+7) meaning that performance
improves as v | 0. There is one caveat however, namely that some of the inequalities involved
in its proof deteriorate as v | 0. It turns out the optimal trade-off is achieved by setting
v = (log(n))™" in which case we achieve the rate (log(n)/n)%@%+9 which is only polylog
factor off from the minimax optimal rate. Analogous statements can be made also for the
Gaussian mixture class Pg(d).

Finally, we comment on discrete distributions. The task of estimating discrete distributions
is effectively trivial, as the empirical probability mass function is minimax optimal, see for
example [35, Theorem 1] for an exposition of this fact. However, as a consequence of
Theorem 1.5.5 we can say the following. Suppose our observations X, ..., X, are from a
discrete distribution with support size k > 2. If we embed the support as a (1)-packing
of the unit ball in log(k) dimensions, then any estimator # that satisfies dy (7, v,) < \/d/n
will be a minimax optimal distribution estimator up to a log(k) factor. The point of this
observation is to show that approximate minimizers of the half-space discrepancy, such as
those found by first order methods applied to GANs, are also good estimators.
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1.5.3 Two Sample Testing Using Half-Spaces

We saw in the previous section how the perceptron discrepancy can be used to design near-
optimal density estimators for smooth and Gaussian mixture distributions. In this section we
apply it to a rather different problem: that of two-sample testing for smooth and discrete
distributions.

Smooth Distributions

In a recent paper [161], the following test statistic for two-sample testing was proposed:

Y

Tar(p,q) = max | ‘EXNP [Relu({w, X) — b)*] — Ey~q [Relu((w,Y) — b)*]

(w,b)€S4—1x[0,00

where Relu(z) = max{z,0} as usual. Notice that clearly T;o = d. They propose to reject
the null hypothesis that p = ¢ whenever

Td,k(pm%l) Z tna (159)

where p, = %Z?Zl 0x, and ¢, = %Z?:l Jy, are empirical measures of two i.i.d. samples
Xi,...,X, and Y,...,Y,, and the threshold satisfies both ¢, = o(1) and ¢, = w(1/y/n).
One of their main technical results [161, Theorem 6] shows that the test (1.5.9) returns the
correct hypothesis with probability 1 — o(1) asymptotically as n — oo for any qualifying
sequence {t,},>1 and fixed p, q. However, this result leaves open questions about the sample
complexity of their test, and in particular, whether it is able to achieve known minimax rates.
We show for £ = 0 that (1.5.9) is not able to obtain the minimax optimal sample complexity
over the smoothness class Py(3, d, C') introduced in Section 1.2.3. It is well known (see for
example [10, 139]) that two-sample testing over Py(f8,d,C) is solvable with probability
1 —o(1) if and only if
26+d/2
n=wle 7 ), (1.5.10)
in which case a variant of the y2-test, pioneered by Ingster, works. It turns out that our
construction showing the tightness of our comparison between dy and TV in Lemma 1.5.3,
also shows that (1.5.9) cannot achieve the optimal sample complexity (1.5.10).

Proposition 1.5.11 (|75, Proposition 10]). For all d, 3 > 0, there exists constants ¢, such
that for all € > 0, there exists probability density functions p,q supported on the d-dimensional
unit ball such that

1. |pllg2, llalls2 < ¢,
2. |lp—alli < [[p — qll2 < €, and
3. the expected test statistic satisfies

C/

E[Ta0(Pn, qn)] <

B

_ 2B+d+1
s,

for any n < (log +)~%e

_ 2B4d+1
In other words, consistent testing using the statistic 75 is impossible with n = 6(e” #

samples, which is a far cry from the optimal sample complexity (1.5.10).
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Discrete Distributions

In the previous section we showed that thresholding dy does not result in a minimax optimal
two-sample testing procedure for smooth distributions. In contrast, in this section we find
that the energy distance & can be applied to the discrete two-sample testing problem to
obtain optimal performance.

Let p, q be two probability mass functions on the alphabet [k] = {1,2,...,k} and suppose
that Ay,..., As, and By, ..., By, are two i.i.d. samples from p, q respectively. Let X; =
> Ay =i}, X =377 | 1I{X,;; = i} and define Y;, Y/ in terms of the B; analogously.
Our goal is to present a novel analysis of the statistic

Ti= Y |1X = Yil + 1X] = ¥{| = 1X; - X[ - [¥: = /1],

=1

which was introduced by [62]. The motivation of the authors for introducing the statistic
is a bit mysterious, and seems to have been the product of educated guesswork. However,
in light of Section 1.2.4 we see that ET is simply the sum of energy distances between two
binomials, each term corresponding to one support element. To make this more explicit,
writing T = Zle Z;, we have

EZZ = EQ(Bin(n7pi)v Bin(nu QZ))

The concentration of 7' is straightforward, and the bulk of the technical difficulty lies in
lower bounding the expectation under the alternative hypothesis (the mean is clearly zero
under the null). Indeed, by McDiarmid’s inequality there exists a universal constant C' > 0
such that

P(|T — ET| > t) < 2exp(—Ct*n)

for any ¢ > 0. In other words, T" is O(1/n)-sub-Gaussian. To deal with the mean, [62] proves
the following.

Proposition 1.5.12 ([62, Claim 3.4]). There exists a universal constant C > 0 such that for
any i € [k],

200 32
EZ; > C'min {nboz —qi, i = a)” n?(p; — qi)Z} : (1.5.11)

Vn(pi + %’)7

The original proof of the key Proposition 1.5.12 proceeds by Poissonizing the samples, and
using some clever tricks, that may appear ad-hoc. More recently, a short (12 page) note [37]
was published which gave an alternative, more direct/principled analysis of ET using the fact

that 2 [Y1-E tW
£ = _/ — Ecos(i )dt
T Jo

t2
for any integrable random variable W, which is attributed to Zolotarev [166], see also [190,
Chapter 9] for historical details. We note that using the Zolotarev identity to study ET is
essentially the same as using the Fourier-form (Proposition 1.2.1) of the energy distance,
although this connection isn’t made in [37|. However, we can recognize Proposition 1.5.12 as
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just re-stating our separation result Proposition 1.5.7, whose proof provides a third, in our
opinion further simplified proof of the corresponding results of [62].

For completeness, we mention the remaining steps needed to derive the minimax sample
complexity of two-sample testing. Partition the indices [k] into three sets Sy U So U S3 = [k]
according to which term on the RHS of (1.5.11) attains the minimum, breaking ties arbitrarily.
Since TV(p, q) > € under the alternative hypothesis, we have that

ol > . 5.
jglégfg); pi = il > 2¢/3 (1.5.12)
reo;

Depending on whether j = 1,2 or 3 attains the maximum in (1.5.12), a straightforward
calculation using Holder’s inequality shows that

ET =Y EZ > Cnmin {6,62%,62\/%} ,

i=1

for a universal constant C' > 0. Combining the above with the sub-Gaussianity of 7', which
says that T'= ET £ O(y/log(1/d)/n) with probability at least 1 — ¢, we see that to perform
two-sample testing with type-I 4+ type-II error bounded by 9 it is sufficient to take

2/3 1/3
0> 10g(1/5) n klo,g.;;(l/é) n k log4 f (1/0)
€ € e*/3

~Y

observations, which can be shown to be minimax optimal.

1.5.4 Separating Distributions by Arbitrary Sets

In Section 1.5.1 we looked at separating distributions by the best possible half-space (using
dg), and random half-spaces (using the energy distance). In this section we take a more flexible
approach, and don’t restrict ourselves to half-spaces. Instead, given samples, we carefully
construct sets where the two distributions are guaranteed to differ with high probability.
Suppose that Xi,..., X, and Y1,...,Y, are L.i.d. from Px and Py respectively. Our goal
is to construct a set S based on these observations such that the separating power sep(S) is

-~

“large” and the size 7(5) is “small”, where
sep(S) = Px(S) = Py(5)

and

7(S) = min { Px () Px (5°), Py (S) Py (5°)}.

We shall see the importance of sep and 7 later in Section 1.5.5, where we apply our results
downstream to goodness-of-fit, two-sample, and likelihood-free testing.

Gaussian Sequence Model

Our approach to the Gaussian sequence model is quite natural: Sis simply a superlevel set of a
truncated version of the likelihood ratio between estimates of Px and Py-. Indeed, suppose we
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have two samples X, Y of size n from ®;-";1/\/' (QJX ;1) =: pgx and pgv respectively, where 0%, 6Y
have Sobolev norm ||0[|? =: 3= 6%5* bounded by a constant and satisfy TV (ugx, pgv) > € > 0.

We use 8% and ¥ to denote the empirical mean vector of the samples X and Y respectively.
The separating set is constructed as follows:

S={ZeRN:T(2) >0},

where T(Z) = 2 Z;}:l(é\jX - @}/)(Zj - (é\JX + é}/)/Q) for some J € N to be specified. This is
simply a truncated version of the likelihood-ratio test between pgx and piz-, where we set all
but the first J coordinates of 8% and ¥ to zero. The performance of the separating set is
summarized in the next proposition.

Proposition 1.5.13 (|74, Proposition 14|). There exists universal constants c,c such that
when J = |ce™ V%] the inequality

P <,LL9X(§) — M@Y(S\) > (\/nel/S A 1) 62) >1-9
€

holds, provided n 2 %nTs(e, 3, Pg)-

The minimax sample complexity nts(e, 0, Pg) is recorded in Table 1.2. The main tool in
the proof of Proposition 1.5.13 is Gaussian Lipschitz concentration.

Discrete Distributions

Suppose now that Px, Py are supported on [k] := {1,2,..., k} with p.m.f.s px, py respectively.

~

One natural and simple approach is to take S; /o defined as
.5 ~ . 1 .
1€ 51/2 < pX(Z) + %Qz > py(Z),

where Q,...,€Q, are i.i.d. Rademacher variables independent of the data and px,py are
the empirical p.m.f.s. In other words, given a support element i € [k], classify it as X if
its empirical frequency is larger in the X-sample and to flip a coin in case of a tie. This
“classifier” can also be thought as a minimizer of the empirical misclassification error on our
training set. N R

The bound 7(51/2) < 1/4 holds trivially. For the separation sep(Si/2) we must work a bit
harder. The following is the key technical result for this step.

Lemma 1.5.14 (|74, Lemma 21|). Let 4 > A > 0 and X ~ Poi(u),Y ~ Poi(\). Then

1 1 = A
PX>Y)+-PX=Y)—=-2> A1l
0P =) =g e ()

holds, where ¢ > 0 s a universal constant.
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Assuming, without loss of generality, that our samples are Poissonized, we can proceed:

k

Esep 51/2 Z pX ))P <Z S §1/2>

=1

=3 (px(i) — pr (i) (P (2 < §1/2> B %)

=1

Lem. 1514 nlpx (i) — py (i)]
> CZ|pX ‘<\/an +1/\1>,

) Aoy (7))

B

where the last step uses that

P <z = §1/2> = P (Poi (npx(i)) > Poi (npy(i))) + %P (Poi (npx (i) = Poi (npy (7)) .

In the above display we use Poissonized samples so our X and Y sample may have a different
number of total observations, although both are guaranteed to be n + O(y/n) with high
probability. This is in contrast with how we defined S, /2 above, where the size of the two
samples is fixed and equal, but the difference between the two is negligible due to the
concentration of the Poisson distribution.

Under the assumption that ||px — py||1 > €, we can analyse the three cases that may arise
for each term in the sum above, and we arrive at the bound

~ 1 n _n
Esep(Si2) 2 € | = A/ A+ ) = sep”.
sep(S1/2) 2 € (e k k:) sep
To summarize, so far we have the bound T(§1 /2) < 1/4 with probability one, and a lower
bound on Esep(S)/2). To ensure that the latter bound holds not only in expectation but

with probability 1 — ¢, we must analyse the concentration properties of Sep(§1 /2). To achieve
the optimal sample complexity, we rely on the exact characterization of the sub-Gaussian
variance proxy of Bernoulli random variables.

Lemma 1.5.15 ([34, Theorem 2.1). Let 02,,(11) be the optimal (smallest) sub-Gaussian
variance proxy of the Ber(u) distribution. Then

1
5 — M

i) = — 2

log (; — 1)

where the values for u € {0, 5,1} should be understood as the limit of the above expression,

resulting in aopt =0, }L, 0 respectively.

Still assuming that our observations are Poissonized, by standard tail bounds we know
that for any i € [k]

(1.5.13)

pi =P(i € 51/2) AP(i ¢ 51/2) < 2exp < (px(7) —py(i))2>

px(i) + py (i)
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holds. Using Lemma 1.5.15 we can bound the sub-Gaussian variance proxy as

n

Topt (Sep(51/2)) = 0oy (Z(pX(i) —py()1{i € §1/2}>

Lem._1.5.15 Z(px(l) o py(i))Q % 3 —Pi

i=1 IOg (é — 1)

1513)pr )AM:OG)'

n n

Remarkably, the inverse logarithmic dependence of aopt for small Bernoulli parameters is
crucial in obtaining the above result. Putting our bounds together, we obtain

P (T(ﬁl/g) < 1/4 and sep(S1/) > sep*) >1-4, (1.5.14)

provided that sep* 2 /log(1/ 6)oopt(sep(§1 /2))- The latter condition rearranges to

log(1/4) klog(1/8)  k*/3log'/?(1/0)
2 3 2 + 4/3 ’
€ € €
which may be recognized as the sample complexity of two-sample testing over Pp.
In (1.5.14) we obtained a surprisingly simple and poweful result, however we weren’t able

to achieve non-trivial control over T(§ ). It is in fact possible to do better, if we assume that
the distributions Px, Py are bounded, that is, if PX, Py € Ppy.
The first improvement that one can make to 51 /2 is to consider the two sets S< defined by

Z€S< <:>px<)>py()

Notice that for 7 to be added to either set, we must observe at least one occurence of i in
either the X or Y sample. This gives us an improved bound on 7 of the form

T(S<) < i (nmax{pX )+ agx (i )})

1€Sg
which holds with hlgh probability for Poissonized samples. If we assume that py,py € PDb
then we obtain T(S<) < 1A (n/k), which is exactly what we need to fill the gaps left by S, /2
for this class. However, there is one caveat: the expected separation of either set is no longer
guaranteed, and in fact it may even be negative!

Proposition 1.5.16 (|74, Proposition 8|). Consider the distributions p,q on [3k] with
pi = 1{i < k}/(2k) + 1{i > k}/(4k) and ¢; = 1{i < k}/k. Then, for n < 0.6k,

E sep(S5-) < 0.

Sketch Proof. The intuition for the construction is as follows: half the mass of p is placed on
the support elements [k], each of which incurs a separation loss of —1/(2k). The other half of
its mass is put on the support elements (k, 3l€] each of which incurs a separation +1/(4k).

Therefore, the total expected separation of S> is roughly 5 X (% + 41k) = 81k O
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What saves us is the fact that at least one of the two sets §>, §< has good expected
separation, since Esep(§>) + Esep(§<) =2E sep(gl/g). In light of this, the strategy is clear:
hold out a linear fraction of the training samples to decide between §> Versus §< by comparing
their empirical separations. By Bernstein’s inequality it is then straightforward to prove that
we identify the correct separating set with high probability, which results in the following.

Proposition 1.5.17 (|74, Corollary 10]). Suppose that Px, Py € Ppy with TV(p,q) > .
There exists a universal constant ¢ > 0 such that using the samples X,Y we can find a set
S C [k] which, with probability 1 — 6, satisfies

~ 1 ~ 1
| sep(S)| = ce? (E/\\/%/\%> and  1(S) < E(l/\%),

provided n > %nGOF(e, 3, Ppb)-

The above discussion covers bounded discrete distributions. However, it is of no help for the
family of all discrete distributions Pp, as we no longer have a bound on max;_g_(px (¢)+qx (),
so our control of 7 is still trivial. The key idea here is to use yet another part of our training
samples to partition the support [k] into O(log(k)) subsets on each of which either p or ¢ is
approximately uniform. Due to its technical nature, we defer all details to Chapter 4 of the
thesis.

Smooth Distributions

Analogously to Section 1.4, our results for the smooth density class Py follow by reduction
to the bounded discrete Ppy, case. The approximation result Lemma 1.4.2 is what makes this
reduction possible. Effectively, it lets us prove a result analogous to Proposition 1.5.17 except
with k replaced by €'/? throughout.

1.5.5 LFHT in the Small Error Regime

In this section we look at the idea of classifier-accuracy testing, which is a popular approach
amongst practitioners of LFI [91]. We derive theoretical guarantees for this class of testing
algorithms, using the classifiers that we have constructed in Section 1.5.4.

Introduction to Classifier-Accuracy Testing
Given two datasets Aq,..., A, w Py and By,..., B, w Pgp taking values in some space X,
and a classifier C : X — {0, 1}, we define the “classifier-accuracy statistic”

a b

Ts(A, B) = %Zﬂ{/g €S} — %ZH{BJ- € S}, (1.5.15)

i=1 j=1

where we abbreviate A = (A;,...,A,), B = (By,..., By) and where we identify the classifier
C with the set S = C~1({1}), so that C(z) = 1{x € S}.
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Assuming that the classifier C aims to assign 1 to data from P4 and 0 to data from Ppg, it
follows that Ts(A, B) + 1 is simply equal to the sum of the fraction of correctly classified
instances. This property lends the name “classifier-accuracy” statistic. We say that a testing
procedure is a classifier-accuracy test if its output is obtained by thresholding |Ts| for some
classifier on independent test data.

Notice that ETs(A, B) = 0 if P4 = Pp by design, irrespective of the classifier C. On the
other hand, if P4 # Pg and C is good at distinguishing the two distributions, then one expects
that |Ts(A, B)| is “large”. Therefore, depending on the power of C under the alternative,
thresholding |Ts| should be a reasonable test of the null hypothesis P4 = Pp against the
alternative Py # Pg.

Classifier-accuracy testing is a popular method used by practitioners in likelihood-free
inference. One simply trains a classifier on simulated data that distinguishes Py from Py
and then applies the trained classifier to the experimental data to see which way the classifier
leans. More precisely, suppose we have i.i.d. samples Xy,...,X,,, Y1,..., Y, and Z,..., 2,
from unknown Px, Py, P; respectively. Our goal is to test the null hypothesis Px = Py
versus Py = Py, and we are guaranteed that Py and Py are separated, and in particular
not equal to each other. Suppose that we train a classifier C = 1g on the first half of
data Xi,...,X,/2,Y1,...,Y, /5. Then, using the remaining data we compute the statistic

| Ts({Z:}i, {Xn/g+i}?ﬁ})] and reject the null for large values of this statistic.

Remark 10. In the specific case of testing over the class of all discrete distributions Pp
we also need to use Zy,..., Ly in our construction of S whenever m > n. This can be
regarded as a sort of unsuperuvised step in the classifier training procedure, since we do not
know whether P; = Px or P; = Py. It is open whether this is information theoretically
necessary, or whether one can train purely on the X,Y samples and still attain minimax
optimal performance. Note that we didn’t cover this in Section 1.5.4, but the details can be
found in Chapter 4.

The same idea can also be applied to two-sample testing. Recall that in the setting
of two-sample testing we have two i.i.d. samples X;,..., X, and Yi,... Y, from Px, Py
respectively and the goal is to test the null Px = Py against the alternative that Px # Py.
First, split the data into two batches and train a classifier C = 15 on Xi,..., X, /> and
Y1,...,Y, 2. Then, on the second half, threshold the classifier-accuracy statistic, i.e. reject
the null hypothesis if |Tg({Xn/2+i}?ﬁ, {Yj24i }2)] is large.

Finally, since goodness-of-fit testing is a special case of two-sample testing where we have
an unlimited number of observations from one of the two distributions, the algorithm for
goodness-of-fit testing using the classifier accuracy statistic follows from the paragraph above.

The Key Lemma

Suppose for a moment that a classifier C = 1g has already been found. The following lemma
gives an upper bound on the number of independent test observations required for the second
step, that is, accepting/rejecting based on the magnitude of |Ts|, to correctly identify the
true hypothesis with error probability at most 6 € (0, 1).
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Lemma 1.5.18. Let P, Q) be two unknown distributions. Consider the hypothesis testing
problem Hy : P = @Q wversus an arbitrary alternative Hy. Suppose that the learner has
constructed a “separating set” S such that

|sep(S)| = |P(S) — Q(S)| = sep  for every (P, Q) € H,
and
7(S) = (P(S)(L = P(S) A (Q(S)(1—Q(S))) <7 for every (P,Q) € HoU Hi.

Then, using only the knowledge of T and sep, the classifier-accuracy test (1.5.15) with n test
samples from both P and Q) and an appropriate threshold achieves type-I and type-II errors

at most &, provided that
log(1/6 T
n > 08/9) (1 N L)
sep sep
for a large enough universal constant ¢ > 0.

Note that Lemma 1.5.18 would follow immediately by Bernstein’s inequality if we were to
replace 7(S) by P(S)(1 — P(S)) + Q(S)(1 — Q(S5)). This is because clearly

var (Ts(X1, ... X, Vi, oY) S) = %{p(sm ~ P(S) +Q8)(1 - Q(S)) ).

However, the savings we get by using 7(S) as defined in Lemma 1.5.18 is crucial in obtaining
optimal sample complexity bounds. We are able to derive this stronger result due to the
following simple observation: when the minimum of P(S)(1—P(5)) and Q(S)(1—-Q(S)) is not
of the same order as the sum of the two quantities, then sep(.S) must be large, thereby making
the testing problem easier. With a good choice of the classifier, we can use Lemma 1.5.18 to
derive the sample complexity results in Tables 1.2 and 1.3. The following three rules lay out
the interpretation of the table.

(i) Unmarked entries denote optimal results achievable by a classifier-accuracy test.
(ii) Entries marked with (OPT) denote optimal results that are not known to be achievable
by any classifier-accuracy test.
(iii) Entries marked with (CAT) denote the best known result using a classifier-accuracy
test.

To derive the rsults of the table, we can simply combine our classifier constructions in
Section 1.5.4 with Lemma 1.5.18. More concretely, using (1.5.14) we get that the CAT using
S1/2 is minimax optimal for the following cases.

(i) GoF in Ppp, and Pp as long as k = O(log(1/4)/€*);
(i) TS in Ppyp as long as k = O(log(1/4)/e*), and in Pp for all (k,¢,d);
(iii) LFHT in Ppy, as long as k = O(log(1/§)/€*), and in Pp as long as n > m.
Most notably, we see that the trivial classifier §1 /2 is enough to recover the high-probability
minimax sample complexity of two-sample testing, which was resolved only recently in [62].
By applying Proposition 1.5.17 with Lemma 1.5.18 we can further resolve all cases for the

bounded discrete class Ppp. In order to obtain the best results for Pp and complete the table,
we refer the reader to Chapter 4 or the original source [74].
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NGoF nrs Rir

klog(1/6
Pob (k) v Zf( A2 1ogg/5) NGor | M > k’gi# and n > ngor and nm > n ¢
log(1/5) log(1/6§ log(1/6
Pu(B,d) 6}{5+d/g)/5 + Ogig/ ) | nger | m > % and n > ngor and nm > nZ -
\/1og(1/3) | log(1/5 log(1/5
Pa(s) s T Og;/ )| neer | m > Og;/ ) and n > negr and nm > N

Table 1.2: Minimax sample complexity of testing (up to constant factors) over Py, Pg, Ppb-

ncor(Pp) nts(Po) Rie(Po)
n>m | m> 220/ and mmin{n? k,n} > nZ,
(OPT) nGoF(PDb) = = 2 : : { / } — TYGoF
1
. log (1) (k2 log(%)) 3 (OPT) mn” > knger and n > ncor
i 4 4 2
€ € m>n 7mni 2]@”20 4,: N 7§.
(CAT) ncor (@, %,Pob) (caT) lo=(5) GoF (mb(k) k)
and n 2 nGOF(loge(k)7 %)
og(+ ]
k< ge(f) nGoF (Pob) nGoF (Pob) m > 8072 and n > neor and nm > n.

Table 1.3: Minimax sample complexity of testing (up to constant factors) over Pp.

1.6 Kernel-Based Tests for LFHT and the Empirical Trade-
Oft

This section is based on [76] which is joint work with Tianze Jiang, Yury Polyanskiy and
Rui Sun, and was published at NeurIPS ’23, and is included in Chapter 3 in full. While the
previous two sections characterized the region R f in great generality, the minimax optimal
tests we exhibited were hardly usable in realistic scenarios. For example, the class Py of
smooth distributions requires discretizing the observations over a grid that is of exponential
size in the dimension. This prompted us to consider a practically more realistic, kernel-based
procedure.

1.6.1 A Generalization of LFHT

A prominent application of likelihood-free inference lies in the field of particle physics. Scien-
tists run sophisticated experiments in the hope of confirming the existence of a hypothesized
particle or phenomenon. Often said phenomenon can be predicted from theory, and thus can
be simulated, as was the case for the Higgs boson whose existence was verified after nearly 50
years at the Large Hadron Collider (LHC) [40, 5]. In such experiments, the goal is to prove
that the rate at which a special particle (such as the Higgs boson) is born is greater than
0, or more ambitiously, is lower bounded by a positive quantity that is within the range of
theoretical predictions. The generalization of LFHT that we introduce next, which we call
mixed LFHT (mLFHT), was inspired by this rate-detection problem.
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Suppose we have n simulations from the background distribution Px and the signal
distribution Py. Further, we also have m datapoints from P, = (1 — v)Px + vPy, so
the observed data is a mixture between the background and signal distributions with rate
parameter v. The goal of physicists is to construct confidence intervals for v, and a discovery
corresponds to a 5o confidence interval that excludes v = 0. We model this problem by
testing

Hy:v=0 versus Hy:v>m (mLFHT)

for fixed m > 0. In particular, a discovery can be claimed if Hj is rejected. More precisely,
given C, €, R > 0, let P,(C, €, R) denote the set of triples (Px, Py, Pz) such that the following
three conditions hold:

(1) Px, Py and Pz have p-densities bounded by C,
(11) MMD(Px, Py) > € holds, and
(iii) MMD(Py, (1 — v)Px + vPy) < R - MMD(Py, Py),

where we define v = v(Px, Py, Pz) = arg min,,cg MMD(Pyz, (1 — v')Px + v/ Py). For some
m > 0, consider the two hypotheses

HOZ HQ(C,E,TF,R) : (Px,Py,Pz) EP“<C,€,R> and V(Px,Py,Pz):O

1.6.1
H1: Hl(C,E,ﬂ',R>:(px,py,Pz)Epu<C,€,R>andV(Px,Py,Pz)zﬂ'. ( )

Notice that R controls the level of mis-specification in directions orthogonal to the line
connecting the kernel embeddings of Py and Py. Setting R = 0 simply asserts that Py is
guaranteed to be a mixture of Py and Py under both hypotheses and further taking = =1
recovers LFHT. Given the parameters C, ¢, 7, R, mixed LFHT (mLFHT) is the problem of
testing Hy against Hy, as defined in (1.6.1), based on n,n, m observations from Py, Py, Py
respectively

1.6.2 A Kernel-Based Test for mLFHT

The following is a key result in understanding the behaviour of RKHSs and MMD, it is a
consequence of the general fact that every compact self-adjoint operator is diagonalizable.

Theorem 1.6.1 (Hilbert-Schmidt theorem [173]). Suppose that K € L*(pu® ) is symmetric.
Then there exists a sequence ()\;)j>1 € €* and an orthonormal basis {e;};>1 of L*(u) such
that K (x,y) = 3,51 Ajej(x)e;(y) for all j > 1, where convergence is in L* (1 @ p).

Throughout the rest of Section 1.6, statements involving X', u and K should implicitly be
understood as holding for any choice of the three objects for which Theorem 1.6.1 holds. We
warn the reader about the fact that given fixed X and K, the eigenvalues A\; > 0 depend on
the base measure p that is chosen.

In our proofs we work with the kernel embedding of empirical measures for which we need
to modify the inner product (-, ), , and thus MMD, by removing the diagonal terms. This
debiases and reduces the variance of these empirical estimates. More concretely, given i.i.d.

o8



samples X, Y of size n, m respectively and corresponding empirical measures Px, Py, we

define

~ o~ 1
MMD?(Py, Py) = FZK X, X;) + ZK L Y5)
7 = (1.6.2)
-— > K(X,,Y]
We also write (05 ,0p )unx = HHPXHuHK = mzi# K(X;,X;) and extend linearly.

The u stands for unbiased, since E MMD?(Py, Py) = MMD?(Py, Py) # EMMD?(Py, Py).

Suppose, as usual, that we have samples X,Y, Z of sizes n,n, m from the probability
measures Py, Py, P; and that our goal is to test between Hy and Hi, defined in (1.6.1), for
given parameters C, e, w, R. Write ]3X for the empirical measure of sample X, and analogously
for Y, Z. The core of our test statistic for (mLFHT) is the following:

T(X,Y,2) = (6,05, — Op Justn = ZZ{ Y) - K(Z, X)) (163)

i=1 j=1

Further define - L
X, Y, 7) = §MMDi(PX,Py) +T(X,Y, X). (1.6.4)

The final output of our procedure is
reject the null if (X, Y, Z) > (X, Y, 7) and accept otherwise. (1.6.5)

The above has a natural geometric interpretation: we reject the null hypothesis if the
projection of #5 — 65 onto the vector 05 — 0p falls further than 7 /2 along the segment
joining 05 to 05 , up to deviations due to the deleted diagonal terms.

We are in a position to state our result on the minimax sample complexity of mLFHT
under MMD separation. For simplicity we set the mis-specification parameter R to zero, for
a more general statement of the result see Chapter 3.

Theorem 1.6.2. Let us observe data X1, ..., X, & Px,Yi,.... Yo % Py and Z,,. .., 70y Py,

Then, there exists a finite uniwersal constant ¢ such that the procedure defined in (1.6.5) has
total error bounded by 5% for testing Hy vs Hy, as defined in (1.6.1) with R set to 0, provided

ClIAlloe

m2e2

HM\z

min{m,n} > ¢ and min{n, vnm} > c

The proof of Theorem 1.6.2 is a generalization of our analysis of the L2-tester from
Section 1.4.4, the strategy is simply to use the eigendecomposition available thanks to the
Hilbert-Schmidt theorem. In addition to the new mixing parameter 7, one difference from
our previous results is that we put less restrictions on the class P, where our distributions
live. Indeed, our only requirement is that they have bounded density with respect to the
base measure ;1 we choose, in contrast with the smoothness assumptions of the previous
subsection.
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The bounds on the sample sizes n and m depend on the sequence of eigenvalues A, which
in turn depends on the base measure p that is chosen. Therefore, given a fixed kernel K, it
would be possible to try to optimize i so that the resulting bounds in Theorem 1.6.2 are
as favorable as possible. However, since p is also present in the definition of the hypothesis
class P, itself, it seems difficult to disentangle the relationships.

We also obtain a partial converse to Theorem 1.6.2 in the form of a minimax lower bound.
Due to the overly general setting of the problem, it harder to construct the least favorable
distributions. Therefore, we need additional assumptions on the problem.

Theorem 1.6.3. Given J > 2, let |[\|2, = >, A2. Let

Jj=27"3"

< Dl

o) 2€

J
JI = max{J: sup Han\//\jej
211145

nj=

Consider the setting of Theorem 1.6.2 and suppose that [, K(x,y)u(dz) = X\, p(X) =1 and

sup,ex K (z,2) < 1. There exists a universal constant ¢ > 0 such that any test with total

error at most 5% must use
C)\g

[All2:
m > - and n>c 2

Al

me2

and max{mm,/mn} > c

The requirements sup,cy K(z,2) < 1 and p(X) = 1 are is essentially without loss of
generality, as 1 and K can be rescaled. The condition [, K(z,y)u(dz) = Ay implies that
the top eigenfunction e; is equal to a constant or equivalently, that K (dz,y)u(dz) defines a
Markov kernel for p-almost every y € X', up to a normalizing constant.

The lower bound construction is inspired by that for Ppy, and Py, which we discuss
in more detail in Section 1.7.1. Simply take a vector of independent uniformly random
signs n = (g1, m2...) € {£1}N and define the p-density f, oc 1+ ijZQ nje; for J > 2
and some scaling factor p > 0 chosen so that MMD(unif(X), f,) > € for any realization
of the signs 1. Recall that e; are the orthogonal eigenfunctions of the kernel K, so that
[ ej(@)pu(dx) = (e1,e;)r2¢,) = 0, which implies that f, is a valid probability density with
respect to p provided it is non-negative. This condition is precisely the reason why we
must take a potentially finite cutoff J: we are unable to control the size of the perturbation
I 2}1:1 nj€jlloo for J = oco. The largest J take we are able to take while still guaranteeing
non-negativity of the construction f, is precisely J = J*. Once we have the construction
in hand, the derivation of the lower bound follows in a completely analogous fashion to
Section 1.7 and Paninski’s construction in particular.

An apparent weakness of Theorem 1.6.3 is its reliance on the unknown value J*, which
depends on the specifics of the kernel K and base measure . Determining it is potentially
nontrivial even for simple kernels. Slightly weakening Theorem 1.6.3 we obtain the following
corollary, which shows that the dependence on [|A||2 is tight, at least for small enough e.

Corollary 1.6.4. Suppose J > 2 is such that Z;.IZQ A5 > A3 for some ¢ < 1. Then
| All2ss can be replaced by c||A||2 in Theorem 1.6.3 whenever € < c||M|2/(2vJ —1).

The correct dependence on the signal rate 7 is the most pressing question left open by our
theoretical results.
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1.6.3 Learning the Kernel and the Empirical Trade-Off

Given a fixed kernel K, our Theorems 1.6.2 and 1.6.3 show that the sample complexity
depends on the separation € under the given MMD as well as the spectrum A = A(u, K) of the
kernel. Thus, to have good test performance we need to use a kernel K that is well-adapted
to the problem at hand. In practice, however, instead of using a fixed kernel it would be
only natural to use part of the simulated data to try to learn a good kernel. Due to the
resulting dependence between the data and the kernel, Theorems 1.6.2 and 1.6.3 don’t apply
anymore. Our main experimental contribution is to confirm the existence of an asymmetric
simulation-experimentation trade-off similar to Figure 1.1, that appears in spite of said
dependence.

Training Objective

Consider taking a part of the simulation data and setting it aside for training the kernel; call
this (X, Y™r). Writing Pxw, Py+ for their empirical measures, we maximize the objective

f MMD2 (ﬁXtr ﬁytr'K)
X" Y™ K) = - - ’ 1.6.
J( 9 Y ) 6'\(Xt'7Ytr;K) 9 ( 6 6)

which was introduced in [187], originally for two-sample testing. Here 2 is an estimator of
the variance of MMD? ( Py, Pyw; K) defined in [143] as follows. For each pair 4, j define

H;; = K(X]", X;r) + K(Y, Yj“) — K(X[", Yj”) — K(Y", X;r). (1.6.7)
The variance estimate is then computed via
4 Totr Ttr 2 4 Titr Mtr 2
SCRETRES 910 9178 I 0 96 ) IREES
=1 \j=1 tr \i=1 j=1

Intuitively, the objective J aims to separate Py from Py while keeping variance low. We
optimize the objective (1.6.6) over the choice of kernel K, which we parametrize as follows.
For 7 € (0,1) we let

K(x,y) = ((1 - T)GU(SOw(x)7 90w<y)) + T) : Gao(x + QOw’(I)yy + ‘Pw’(y))a

where G, is the Gaussian kernel with variance o?; @, @, are neural networks with parameters
w,w’, and o, 0¢, 7,w,w’ are all trainable scalars. This is the same architecture introduced in
[143] and is the best performing one in our experiments.

Experiment I : Image Source Detection

Our first empirical study looks at the task of detecting whether images come from the CIFAR-
10 [136] dataset or a SOTA generative model (DDPM) [95, 167]. While source detection is
on its own interesting, it turns out that detecting whether a group of images comes from
the generative model versus the real dataset can be too “easy” (see experiments in [118]).
Therefore, we consider a mixed alternative, where the alternative hypothesis is not simply
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the generative model but CIFAR with planted DDPM images. Namely, our n labeled images
come from the following distributions:

Px = CIFAR, and Py =7 -DDPM + (1 — ) - CIFAR. (1.6.9)

The goal is to test whether the fraction of the m unlabeled observations Z which are fakes
generated by DDPM exceeds 7.

Experiment II : Higgs Boson Dataset

The 2012 discovery of the Higgs boson by the ATLAS and CMS experiments |1, 40] marked
a significant milestone in physics. The statistical problem inherent in the experiment is
well-modeled by (mLFHT), using a signal rate 7 predicted by theory and misspecification
parameter R = 0. We use the open source Higgs dataset available at http://archive.ics.uci.
edu/ml/datasets/HIGGS and record the probability of error over multiple kernel training
runs with different sample sizes m, n.

The Empirical Trade-Off

Figure 1.4 shows the error probability of the two experiments described above, as we vary
the sample sizes m and n. Note that here n also includes those simulation samples that are
used for training the neural network, so that our minimax theory doesn’t apply. However, we
can clearly see from both plots that there is an asymmetric trade-off between the number
of simulation samples n and real data m. In particular, for a given level of error, one needs
fewer real data samples m as we take n — oo compared to the opposite case.

Higgs experiment

CIFAR experiment

6.0 0.94
0.90
55 0.86
col 0.69 -
: 0.40
__as 0.10 0.60
%40 31
N 4
O a0, 0.45
35
1.4 0.30
3.0 15-
25 1.0- 0.15
6.5-
2.0 1 - ' ' , - _ . 0.00
2.0 2.5 3.0 3.5 4.0 4.5 50 55 6.0 1.0 15 20 25 3.0 35 40
Ig(m) Ig(m)

Figure 1.4: n versus m trade-off for the Higgs and CIFAR experiments using our test. Error
probabilities are estimated by normal approximation for Higgs and simulated for CIFAR.
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1.7 Minimax Lower Bounds for LFHT

In this section we outline our approach to proving matching minimax lower bounds for LFHT,
and testing problems more generally. Suppose we observe a sample X from an unknown
distribution ), and our goal is to test between the two hypotheses

Hy: Q€ Qg versus H:Q € Qq,

where Q;,7 = 0,1 are disjoint sets of probability distributions. Tsybakov’s [198] method of
fuzzy hypotheses gives us a recipe for deriving a lower bound on the minimax error probability
of this problem. Let (); be random probability distributions supported on Q; respectively.
Then

best worst-case error = inf max sup Px.q(V(X) #1i) > =(1 — TV(EQo,EQ1)) (1.7.1)

v =0,1 QeQ;

N | —

holds, which is proven by replacing the supremum over Q; with an average. Therefore, the
problem is reduced to bounding the total variation distance between two mixtures. There
are many inequalities at our disposal, but the most useful for us is

1/2
1-TV(P,Q) > —— ——,
1+ x*(PQ)
which is valid for any P and @ and can be found for example in [168, Section 7.6].
So that we may give concrete examples, let us once again focus on the case of discrete
distributions for our discussion. There are two famous constructions for discrete distributions
that we cover here.

(1.7.2)

1.7.1 Perturbation of the Uniform Distribution

The first construction is attributed to Paninski [162] in the computer science literature,

however the idea is quite old and appears in [110] for the exact same purpose. Given a desired

separation € € (0,1), an even support size k and a sequence of signs 7y, ...,7m,/2 € {£1} we

define the pmf p, by

1+ n;e 2 .
E Py(2i —1)

for all i € [k/2]. Also define py = (1/k,...,1/k) to be the uniform distribution. Taking the

signs 1 to be uniformly random, one can immediately derive minimax sample complexity

lower bounds for goodness-of-fit testing, and consequently for two-sample testing and LEHT

by reduction c.f. Section 1.4.2, by computing

py(20) =

(B, [Tiz, Py (ZEZ))Q
Z [T= po(z:)

L+ x*(Eps" 5™ =

= k"Enyy [(an(x)pn/(x)) ] )



where 1,1 are independent and identically distributed. Notice now that

1 2%,
an Dpy(r) = 2 (1+ k(nﬂﬂ :

Plugging into our bound of the y?-divergence, and using the inequalities 1 + z < exp(z) and
cosh(z) < exp(z?/2) valid for all z € R, we obtain

k

262’)7,77 77/ k/2
)

2627’L
— hk/2 -
COS ( 2 )

en?
< exp (—) .
k

Via (1.7.1) and (1.7.2) this immediately implies the familiar lower bound +/klog(1/d) /e
on the sample complexity of goodness-of-fit testing. The idea to bound the total variation
distance between mixtures of products using the y2-divergence, as above, is attributed to
Ingster (see for example [110, 113]).

The construction can also be used to derive optimal lower bounds for our problem LFHT.
For this we need to utilize the chain rule of the y?-divergence. By conditioning on the outcome
of the X-sample, we have

2¢2n(n, '
I+ X ( ﬁpnn“p ) S En,n’ exXp (ﬂ) (173)

EPE" @ pi" @ pE™ [EpS™ @ py ") = Exx*((Z1s - - Za) IDE™|X),

which uses the fact that X = (Xj,..., X,,) has the same marginal distribution under both
hypotheses. If we expand the square in the conditional y2-divergence we obtain an expression
similar to (1.7.3), but now 7,7’ are drawn independently from the posterior given X, and
are no longer unconditionally independent. The remainder of the computation is similar to
the one above, the final bound we eventually obtain is exp(c(nm + n?)e*/k) — 1 for some
constant ¢, which leads to the sample complexity lower bound mn > klog(1/6)/e!

1.7.2 Valiant’s Construction

The construction in Section 1.7.1 along with the reductions in Section 1.4.2 are sufficient to
give optimal sample complexity lower bounds for LFHT, except for the class of all discrete
distributions Pp. In the regime 1/¢* < k this class requires a new construction. This is the

same threshold where the sample complexity of two-sample testing, given by ¥ Yk 4 k a /3 in
the constant error regime, undergoes a phase transition. In fact, the same constructlon that
shows the matching lower bounds for two-sample testing can be adapted to the LFHT setting,
which we detail below.

Instead of the i.i.d. sampling model we use the Poissonized model and rely on the formalism
of pseudo-distributions as described in [62]. Specifically, suppose we can construct a random
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vector (p,q) € [0,1]? such that 1) Ep = Eq = ©(1/k) and E|p — ¢q| = ©(€/k); and 2) one of
the following x? upper bounds hold:

X° (E[Poi(np) ® Poi(ng) @ Poi(mp)] HE[Poi(np) ® Poi(ng) ® Poi(mq)}) < B(n,m, ¢, k)

X2 <E[Poi(nq) ® Poi(np) ® Poi(mp)] HE[Poi(np) ® Poi(ng) ® Poi(mp)}) < B(n,m, €, k);

then (n,m) € Rie(¢, 6, Pp) requires kB(n,m, e, k) 2 log(1/d); this is essentially via (1.7.2).
Remark 11. The classical approach for proving lower bounds in the ‘sparse’ regime (i.e.
when the number of observations n is less than the support size k) is due to Paul Valiant.
His approach was developed for testing symmetric properties and is conceptually considerably
more involved than the direct calculation we outline below. Valiant’s method didn’t use pseudo-
distributions and instead relied on the notion of fingerprints, which is equivalent to randomly
permuting the support, and Roos’ inequality [177] to compare fingerprints with a product of
Poisson distributions. He calls the main inequality, which bounds the total variation of the
construction via difference in moments, the “wishful thinking theorem” [200, Theorem 6].
This has been used as a black box for proving lower bounds with great success, for example
for two-sample testing [39]. However, newer work shows how one can prove the same lower
bounds via the same constructions using a more direct approach by directly bounding the
mutual information [64] and most recently the KL-divergence [62]. The latter work in fact
passed from the KL-divergence to the more amenable x*-divergence without realizing [62,
Lemma 5.15]. This prompts us to simply bound the x*-divergence directly and thus reduce the
entire lower bound program to an elementary computation.

The m < n < k Case
Let p, ¢ be two random variables defined as
(%, %) with probability %,
(p,q) = § (£,%) with probability $(1 — %),
(£,0)  with probability 3(1 — %).
Note that E[p] = E[¢] = ©(1/k) and E|p — ¢| = ©(¢/k), so they form valid e-TV separated
pseudo-distributions. Define the random variables U,V € R? with distribution given by
Ul(p, q) ~ Poi(np) @ Poi(ng) @ Poi(mp),
V|(p, q) ~ Poi(np) ® Poi(ng) ® Poi(mg).
It is not hard to verify that for any (a,b, c) € N* the following two estimates hold

P(V:(a,b,c)):ﬂ( 1 ){1 i (a,be) = (0,0,0),

alblc! 2 ()% otherwise, and

nme2 3 P J—
- ifb=c=0,

o(1) <e>a+b+c wip o ) e ifb>1,c=0,
e p=0,c=1,
2b+e  otherwise.

P(U = (a,b,¢)) — P(V = (a, b, c))‘

65



With these we are ready to bound the y2-divergence between the distributions of U and V.
Simply plugging in the estimates and checking the special cases that arise, one can show that

Uv)y= Y

(a,b,c)EN3

(P(U = (a,b,¢)) =P(V = (a,b,¢)))* _ €'mn?
P(V = (a,b,c)) ~ k3

As explained in the introduction of this section, via [62] this implies the minimax sample
complexity lower bound mn? 2> log(1/8)k?/e*.

The n < m < k Case

The approach in this case is very similar to the m < n < k case with one important distinction.
Let p, ¢ be two random variables defined as

(%, %) with probability 2,
(p.q) = ¢ (£,%) with probability 2(1—2),
(£,0)  with probability (1 — 2).

Let U,V € R? be random, whose distribution is given by

Ul(p,q) ~ Poi(np) ® Poi(ng) ® Poi(mp),
Vl(p, q) ~ Poi(ng) ® Poi(np) ® Poi(mp).

Estimates for P(V = (a,b,c)) and P(V = (a,b,c)) — P(V = (a,b,c)) that are analogous to
the n < m < k case above yield the final bound x*(U||V) < 64213"2, which in turn implies the
desired bound n?m 2 log(1/8)k?/€*.

Notice the difference in the definition of (U, V')|(p, q) between the cases m < n < k and
n < m < k. In the former case the third marginal of U and V are different, while in the
latter case the third marginal of U and V' are the same. This is because m is larger than n
and if we let U and V' deviate on the third marginal, which has “sample size” m, we would
reveal too much about U and V' and make distinguishing the two distributions too easy. If
one were to work trough the computation it would result in the bound x*(U||V) < elnm?/k3,
which is sub-optimal. The reverse argument applies to the case m < n < k: we want to put
the difference of U,V on the third marginal as that provides less information compared to
the first two.
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Chapter 2

Likelihood-Free Hypothesis Testing

This chapter is a reproduction of |77], which is joint work with Yury Polyanskiy.

2.1 Introduction

A setting that we call likelihood-free inference (LFI), also known as simulation based inference
(SBI), has independently emerged in many areas of science over the past decades. Given an
expensive to collect “experimental” dataset and the ability to simulate from a high fidelity, often
mechanistic, stochastic model, whose output distribution and likelihood is intractable and
inapproximable, how does one perform model selection, parameter estimation or construct
confidence sets? The list of disciplines where such highly complex black-box simulators
are used is long, and include particle physics, astrophysics, climate science, epidemiology,
neuroscience and ecology to just name a few. For some of the above fields, such as climate
modeling, the bottleneck resource is in fact the simulated data as opposed to the experimental
data. In either case, understanding the trade-off between the number of simulations and
experiments necessary to do valid inference is crucial. Our aim in this paper is to introduce
a theoretical framework under which LFI can be studied using the tools of non-parametric
statistics and information theory.

To illustrate we draw an example from high energy physics, where LFI methods are used
and developed extensively. The discovery of the Higgs boson in 2012 [40, 5| is regarded as the
crowning achievement of the Large Hadron collider (LHC) - the most expensive instrument
ever built. Using a composition of complex simulators [6, 73, 48, 183, 8] modeling the
standard model and the detection process, physicists are able to simulate the results of
LHC experiments. Given actual data 7, ..., Z,, from the collider, to verify existence of
the Higgs boson one tests whether the null hypothesis (physics without the Higgs boson, or
Z; b Po) or the alternative hypothesis (physics with the Higgs boson, or Z; b P1) describes
the experimental data more accurately. The standard Neyman-Pearson likelihood ratio test
is not implementable since Py and P; are only available via simulators.

How was this statistical test actually performed? First, a probabilistic classifier C' was
trained on simulated data to distinguish the two hypotheses (a boosted decision tree to be more
specific). Then, the proportion of real data points falling in the set S = {x € R?: C(z) < t}
was computed, where ¢ is chosen to maximize an asymptotic approximation of the power.
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Finally, p-values are reported based on the asymptotic distribution under a Poisson sampling
model [49, 142|. Summarizing, the “Higgs boson” test was performing the simple comparison

1 m
—> 1{Z; e S} s, (Scheffé)
m
i=1
where 71, ..., Z,, are the real data and = is some threshold. Such count-based tests, named

after Scheffé in folklore [60, Section 6|, are quite intuitive.

Notice that Scheffé’s test converts each observation Z; into a binary 0/1 value. This extreme
quantization certainly helps robustness, but should raise the suspicion of potential loss of
power. Indeed, when the distributions under both hypotheses are completely known, the
optimal Neyman-Pearson test thresholds the sum of real-valued logarithms of the likelihood-
ratio. Thus, it is natural to expect that a good test should aggregate non-binary values. This
is what motivated this work originally, although follow-up work |74] has shown that Scheffé’s
test with a properly trained classifier can also be optimal.

Let us describe the test that we study for most of this paper. Given estimates pg, p; of
the density of the null and alternative distributions based on simulated samples, our test
proceeds via the comparison

2 -, . .
EZ(po(Zi) —pi(Z) s (2.1.1)
i=1
where Z1,..., Z,, are the real data. Tests of this kind originate from the famous goodness-of-

fit work of Ingster [110], which corresponds to taking py = po, as the null-density is known
exactly.! The surprising observation of Ingster was that such a test is able to reject the

null hypothesis that Z; w po even when the true distribution of Z is much closer to py than
described by the optimal density-estimation rate; in other words goodness-of-fit testing s
significantly easier than estimation. In fact we will use v = ||po/| — ||p1||3 in which case (2.1.1)
boils down to the comparison of two squared L2-distances.

Our overall goal is to understand the trade-off between the number n of simulated
observations and the size of the actual data set m. The characterization of this tradeoff is
reminiscent of the rate-regions in multi-user information theory, but there is an important
difference that we wanted to emphasize for the reader. In information theory, the problem is
most often stated in the form “given a distribution Py y 7, or a channel Py z x, find the rate
region”, with the distribution being completely specified ahead of time. In minimax statistics,
however, distributions are a priori only known to belong to a certain class. In estimation
problems the fundamental limits are thus defined by minimizing the estimation error over
this class, and the theoretical goal is to characterize the worst-case rate at which this error
converges to zero as the sample size grows to infinity. The definition of the fundamental
limit in testing problems, however, is more subtle. If the total variation separation € between
the null and alternative distribution is fixed, and the number of samples is taken to infinity,
then the rate of convergence trivializes and becomes exponentially decreasing in n. By now a

n the case of discrete distributions on a finite (but large) alphabet, the idea was rediscovered by the
computer science community startin with [81]. Moreover, the difference of L%-norms statistic was first studied
in [123]. See Section 2.1.2 for more on the latter.
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standard definition of fundamental limit, as suggested by Ingster following ideas of Pittman
efficiency, is to vary € with n and to find the fastest possible decrease of € so as to still have an
acceptable probability of error. This is the approach taken in the literature on goodness-of-fit
and two-sample testing, and also the one we adopt here. This perspective is also widely
used in TCS where the optimal value of n, as a function of e, is referred to as the “sample
complexity" of the problem.

Specifically, we assume that it is known a priori that the two distributions Py, P; belong to
a known class P and are e-separated under total variation. Given a large number n of samples
simulated from Py and Py and m samples 71, ..., Z,, from the experiment, our goal is to test
which of the P; generated the data. If n is sufficiently large to estimate P; in total variation to
precision €/10, then one can perform the hypothesis test with m < 1/¢* experimental samples,
which is information-theoretically optimal even under oracle knowledge of P;’s. However,
looking at the test (Scheffé) one may wonder if the full estimation of the distributions P; is
needed, or whether perhaps a suitable decision boundary could be found with a lot fewer
simulated samples n. Unfortunately, our first main result disproves this intuition: any test
using the minimal m < 1/€? dataset size will require n so large as to be enough to estimate the
distributions of Py and Py to within accuracy < e, which is the distance separating the two
hypotheses. In particular, any method minimizing m performs no different in the worst case,
than pairing off-the-shelf density estimators py, p1 and applying (Scheffé) with S = {p1 > po}.

This result appears rather pessimistic and seems to invalidate the whole attraction of LFT,
which after all hopes to circumvent the exorbitant number of simulation samples required
for fully learning high-dimensional distributions. Fortunately, our second result offers a
resolution: if more data samples m > 1/€* are collected, then testing is possible with n
much smaller than required for density estimation. More precisely, when neither p, nor
p1 are known except through n i.i.d. samples from each, the test (2.1.1) is able to detect
which of the two distributions generated the Z-sample, even when the number of samples
n is insufficient for any estimate p; to be within a distance < € = TV(pg, p1) from the true
values. In other words, the test is able to reliably detect the true hypotheses even though the
estimates p; themselves have accuracy that is orders of magnitude larger than the separation
€ between the hypotheses.

In summary, this paper shows that likelihood-free hypothesis testing (LFHT) is possible
without learning the densities when m > 1/€*, but not otherwise. It turns out that
(appropriate analogues of) the simple test (2.1.1) has minimax optimal sample complexity up
to constants in both n and m in all “regular” settings, see also the discussion at the end of
Section 2.2.2.

2.1.1 Informal statement of the main result

Let us formulate the problem using the notation used throughout the rest of the paper.
Suppose that we observe true data Z ~ PZ™ and that we have two candidate parameter
settings for our simulator, from which we generate two artificial datasets X ~ P" and
Y ~ PZ™. If we are convinced that one of the settings accurately reflects reality, we are faced
with the problem of testing the hypothesis

Hy: Px =Pz versus H,: Py =P3. (2.1.2)
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Remark 12. We emphasize that Px and Py are known only through the n simulated samples.
Thus, (2.1.2) can be interpreted as binary hypothesis testing with approximately specified
hypotheses. Alternatively, using the language of machine learning, we may think of this
problem as having n labeled samples from both classes, and m unlabeled samples. The twist
1s that the unlabeled samples are guaranteed to have the same common label, that is, they
all come from a single class. One can think of many examples of this setting occurring in
genetic, medical and other studies.

To put (2.1.2) in a minimax framework, suppose that Px,Py € P for a known class P,
and that TV(Px,Py) > €. Clearly (2.1.2) becomes “easier” if we have a lot of data (large
sample sizes n and m) or if the hypotheses are well-separated (large €). We are interested in
characterizing the pairs of values (n,m) as functions of € and P, for which the hypothesis test
(2.1.2) can be performed with constant type-I and type-1II error. Letting ncor(€, P) denote
the minimax sample complexity of goodness-of-fit testing (Definition 2), we show for several
different classes of P, that (2.1.2) is possible with total error, say, 5% if and only if

m > 1/e and n 2 NGoF and mn 2 ngr.

We also make the observation that nZ r €* < ngg for these classes, where ngg (e, P) denotes
the minimax complexity of density estimation to e-accuracy (Definition 4) with respect to
total variation. This provides additional meaning to the mysterious formula of Ingster [110]
for the sample complexity of goodness-of-fit testing over the class of S-smooth densities
over [0, 1]¢, see Table 2.1 below.? More importantly, it allows us to interpret (2.1.2) as an
“interpolation" between different fundamental statistical procedures, namely

A < Binary hypothesis testing,

B < Estimation followed by robust binary hypothesis testing,
C < Two-sample testing,

D < Goodness-of-fit testing,

corresponding to the extreme points A, B, C, D on Figure 2.1.

2.1.2 Related work

LHFT as defined in (2.1.2) initially appeared in Gutman’s paper [90], building on Ziv’s work
[212], where the problem is studied for distributions on a fixed, finite alphabet. Ziv called
the problem classification with empirically observed statistics, to emphasize the fact that
hypotheses are specified only in terms of samples and the underlying true distributions are
unknown. In [209] it is shown that the error exponent of Gutman’s test is second order
optimal. Recent work [98, 93, 92, 30| extends this problem to distributed and sequential

2 A possible reason for this observation having been missed previously is that fundamental limits in statistics
are usually presented in the form of rates of loss decrease with n, for example rgst(n) =: ng(n) = 1/nf/(26+4)
and rgor(n) =: ngolF(n) = 1/nﬁ/(25+d/2) for 8-smooth densities. Unlike ngs =< n%oFez there seems to be no
simple relation between rgs; and 7goF-
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testing. However, the setting of these papers is fundamentally different from ours, a point
which we expand on below.

Given two arbitrary, unknown Py, Py over a finite alphabet of fixed size, Gutman’s test
(see [209, Equation (4)]) rejects the null hypothesis Hy : Pz = Px in favor of the alternative
Hy : Pz = Py if the statistic GJS(ﬁX, /F;z, «) is large, where P denotes empirical measures,
GJS denotes the generalized Jensen-Shannon divergence defined in [209, Equation (3)| and
a =n/m. In other words, it simply performs a two-sample test using the samples from Px
and Pz of size n and m respectively, and completely discards the sample from Py. In light of
our sample complexity results this is strictly sub-optimal due to minimax lower bounds on
two-sample testing, see the difference of light gray and striped regions in Figure 2.1.

More generally, the method of types, which is a crucial tool for the works cited above,
cannot be used to derive our results, because in the regime where the alphabet size k scales
with the sample size n, the usual (Z) = ¢°") approximation no longer holds, i.e. these factors
affect estimation rates and do not lead to tight minimax results. As a consequence, one
cannot deduce results about the minimax sample complexity of LFHT from works on the
classical regime because the latter do not quantify the speed of convergence of the error
terms as a function of the alphabet size. Specifically, let us examine [209, Theorem 1], which
is a strengthening of the results of [90]. Paraphrasing, it states that for any fixed ratio
a =n/m and pair of distributions (Px, Py), Gutman’s test has type-II error bounded by 1/3
when given samples from Px and Py as input, and type-I error bounded by exp(—An) given
arbitrary input, where

as n — oo. Here V' denotes the dispersion function defined in [209, Equation (9)] and & is
the standard normal cdf. The crucial point we make here is that in (1) the dependence of the
O(log(n)/n) term on Px, Py, and in particular their support size k and the ratio o = n/m is
unspecified. Because of this, (1) and similar results cannot be used to derive minimax sample
complexities as min{n, m, k} — oo jointly at possibly different rates.

This distinction between the fixed alphabet size setting studied in [90, 212, 209] and similar
works, and our large alphabet setting was recognized by [102, 103, 123, 124| whose results
are much closer to those of this paper. In [103] Huang and Meyn introduce the concept of
“generalized error exponent” to deal with support sizes that grow superlinearly with sample
size (referred to as the “sparse sample regime” by them) in the setting of uniformity testing.
In [102] they extend this idea to LFHT and say, quote,

“In the classification problem, the classical error exponent analysis has been
applied to the case of fixed alphabet in [212] and [90].... However, in the sparse
sample problem, the classical error exponent concept is again not applicable,
and thus a different scaling is needed."

Moving on to [123, 124], their authors study (2.1.2) with n = m over the class of discrete
distributions p with min; p; < max; p; < 1/n®, which they call a-large sources. Disregarding
the dependence on the TV-separation e, effectively setting € to a constant, they find that

3Uniformity testing is the problem of goodness-of-fit testing where the null is given by a uniform distribution.
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achieving non-trivial minimax error is possible if and only if a < 2, using in fact the
same difference of squared L*-distances test (2.1.1) that we study in this paper. Follow-up
work [102]| extends to the case m # n and the class of distributions on alphabet [k] with
max; p; S 1/k, we also cover this class under the name Ppp. In the regime of constant
separation € = O(1) and n, m — oo they show that LFHT with vanishing error is possible if
and only if k& = o(min(n? mn)), thus discovering for the first time the trade-off between m
and n.* Contrasting with our work, we are the first to characterize the full m,n, e trade-off
in the regime of constant probability of error, and we also consider three other classes of
distributions, in addition to Ppy.

Another related problem is that of two-sample testing with unequal sample sizes, studied
in [25, 64] for the class of discrete distributions Pp. In Section 2.3.1 we present reductions
that show that our problem’s sample complexity equals, up to constant factors, to that of
two-sample testing in the case m > n. We emphasize that the distinction between m > n
and m < n is necessary for this equivalence: in the latter case the sample complexities of the
two problems are not the same. Moreover, our reduction doesn’t help us solve classes other
than Pp, as two-sample testing with unequal sample size exhibits a trade-off between n and
m only in classes for which nts # ngor, see also the discussion at the end of Section 2.2.2.

The test (Scheffé) has been considered previously [58, 72, 144, 91, 143, 126, 94| and is
also known as a “classification accuracy” test (CAT). Follow-up work [74] to the present
paper shows that CATs are able to attain a (near-)minimax optimality in all settings studied
here, and also achieve optimal dependence on the probability of error (in this paper we only
consider a fixed error probability).

2.1.3 Contributions

Though the likelihood-free hypothesis testing problem (2.1.2) has previously appeared under
various disguises and was studied in different regimes for the class of bounded discrete
distributions, it omitted the key question of understanding the dependence of the sample
complexity on the separation e. Our work fully characterizes the dependence on the separation
¢ (Theorems 2.3.2 and 2.3.3). We discover the existence of a rather non-trivial trade-off
between the m and n showing that in the likelihood-free setting statistical performance
(m) can be traded for computational resources (n). Our results are shown for not just one
but multiple distribution classes. In addition, we also demonstrate that LEFHT naturally
interpolates between its special cases corresponding to goodness-of-fit testing, two-sample
testing and density-estimation. As a by-product we observe the relation n2 g €? =< ngq
that holds over several classes of distributions and measures of separation, hinting at some
universality property. On the technical side we provide a unified upper bound analysis
for all regular classes we consider, and prove matching lower bounds using techniques of
Tsybakov, Ingster and Valiant. Our upper bound analysis is inspired by Ingster [112, 110]
whose L2-distance testing approach, originally designed for goodness-of-fit in smooth-density

4The paper [102] contains implicitly other interesting results. For example, it appears that the constructive
(upper bound) part of their proof if done carefully can also handle the case of variable ¢ — 0 in the
regime m,n < k. Specifically, we believe they also show that for the minimax error § € (0,1) LFHT
is possible if klog(1/5)/e* < min(n?,nm). The lower bound appears to show LFHT is possible only if
klog(1/6) < min(n?, nm). In addition they also apply the flattening technique, later re-discovered in [64].
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classes, has been rediscovered in the discrete-alphabet world [123, 124, 81|. Compared to
Ingster’s work, the new ingredient needed in the discrete case is a “flattening" reduction [102,
64, 80], which we also utilize. Several minor extensions are also shown along the way, namely,
robustness with respect to L?-misspecification (Theorem 2.3.4) and characterization of nger
for the class of S-smooth densities with § < 1 under Hellinger separation (Theorem 2.3.6).

2.1.4 Structure

Section 2.2 defines the statistical problems and the classes of distributions that are studied
throughout the paper, and discusses multiple tests for likelihood-free hypothesis testing.
Section 2.3 contains our main results and the discussion linking to goodness-of-fit and two-
sample testing, estimation and robustness. In Section 2.4 we provide sketch proofs for our
results. Finally, in Section 2.5 we discuss possible future directions of research. The detailed
proofs of Theorems 2.3.2 to 2.3.4 and 2.3.6 and all auxiliary results are included in the
Appendix.

2.1.5 Notation

For k € N we write [k] = {1,2,...,k}. For z,y € R we write z A y = min{z,y}, x Vy =
max{z,y}. We use the Bachmann-Landau notation Q,0, O, 0 as usual and write f < g for
f=0(g) and f =< g for f = O(g). For c € R and A C R? we write cA =: {(cay,cas) €
R?: (ay,as) € A}. For two sets A, B C R? we write A < B if there exists ¢ € [1,00) with
%A C B C cA. For two probability measures pu, v dominated by n with densities p,q we
define the following divergences: TV (u,v) =: 3 [|p — q|dn, H(u,v) = ([ (/P — 2)*dn)"/2,
KL(p||v) = [ plog(p/q)dn, x*(ullv) = [((p — q)*/q)dn. Abusing notation, we sometimes
write (p, ¢) as arguments instead of (u,v). We write || - ||, for the L? and ¢ norms, where
the base measure shall be clear from the context.

2.2 Sample complexity, non-parametric classes and tests

In the first two parts of this section we go over the technical background and definitions
that are required to understand the rest of the paper, after which we give an exposition of
multiple alternative approaches for our problem in Section 2.2.3.

2.2.1 Five fundamental problems in Statistics

Formally, we define a hypothesis as a set of probability measures. Given two hypotheses Hy
and H; on some space X', we say that a function ¢ : X — {0, 1} successfully tests the two
hypotheses against each other if

max sup Pg.p(1(S) # i) < 1/3. (2.2.1)

=01 pem;
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Remark 13. For our purposes, the constant 1/3 above is unimportant and could be replaced
by any number less than 1/2. Throughout the paper we are interested in the asymptotic order
of the sample complexity, and 2(log(1/0))-way sample splitting followed by a majority vote
decreases the overall error probability to O(0) of any successful tester, at the cost of inflating
the sample complezity by a multiplicative O(log(1/4)) factor. Unfortunately, the resulting
dependence on § is sub-optimal except for binary hypothesis testing, see for example [16,
Theorem 4.7]. Recent results for uniformity [63] and two-sample testing [62], and our follow-up
work on LFHT [7}] resolves the optimal dependence to be \/log(1/d) or even {/log(1/d) in

some Tegimes.

Throughout this section let P be a class of probability distributions on X'. Suppose
we observe independent samples X ~ PY" YV ~ PY" and Z ~ PZ™ whose distributions
Px, Py, Pz € P are unknown to us. Finally, Py, P; € P refer to distributions that are known
to us. We now define five fundamental problems in statistics that we refer to throughout this

paper.
Definition 1. Binary hypothesis testing is the problem of testing
H, : Px =Py against H,:Px =P, (HT)

based on the sample X . We use nyt(€, P) to denote the minimax sample complexity of binary
hypothesis testing, which is the smallest number such that for all n > nyt(e,P) and all
Po,P1 € P with TV(Po,P1) > € there exists a function 1) : X™ — {0, 1}, which given X as
input successfully tests Hy against Hy in the sense of (2.2.1).

It is well known that the complexity of binary hypothesis testing is controlled by the
Hellinger divergence.

Lemma 2.2.1. For all € and P with |P| > 2, the relation

nut(e,P) = @< sup H™2(P,, Pl))

PO,P16P:TV(P0,P1)26
holds, where the implied constant is universal.
Proof. We include the proof in Appendix A.4.1 for completeness. n

For all P considered in this paper nyt = ©(1/€¢?) holds. Therefore, going forward we
usually refrain from the general notation nyt and simply write 1/€2.

Definition 2. Goodness-of-fit testing is the problem of testing
Hy:Px =Py  against  Hy:TV(Px,Pg) > ¢ and Px € P (GoF)

based on the sample X. We write ngop(€, P) for the minimax sample complexity of goodness-
of-fit testing, which is the smallest value such that for all n > ngoe(e, P) and Py € P there
ezists a function ¥ : X™ — {0, 1}, which given X as input successfully tests Hy against Hy in
the sense of (2.2.1).
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Definition 3. Two-sample testing is the problem of testing
Ho:Px =Pz and Px € P against H, : TV(Px,Pz) > € and Px,Pz € P (TS)

based on the samples X and Z. We write Rys(e, P) for the mazimal subset of R* such that
for any (n,m) € N? for which there exists (z,y) € Rrs(e, P) with (n,m) > (z,y) coordinate-
wise, there also exists a function b : X™ x X™ — {0,1}, which given X and Z as input
successfully tests between Hy and Hy in the sense of (2.2.1). We will use the abbreviation
nts(e, P) = min{l € N: ({,{) € Rys(e,P)} and refer to it as the minimax sample complexity
of two-sample testing.

Definition 4. The minimax sample complexity of estimation is the smallest value ngg (e, P)
such that for all n > neg (e, P) there exists an estimator Px, which given X as input satisfies

ETV(Px,Px) < e. (Est)

In order to simplify the presentation of our final definition, let us temporarily write
P.={(Qo,Q:1) € P?: TV(Qy,Q1) > €}. That is, P, is the set of pairs of distributions in the

class P which are € separated in total variation.

Definition 5. Likelthood-free hypothesis testing is the problem of testing
H(] . PZ = Px cmd (Px, Py) - Pe agaz'nst H1 . PZ = PY and (Px, Py> € Pe (LF)

based on the samples X, Y and Z. Write Rig(e, P) for the mazimal subset of R? such that for
any (n,m) € N? for which there exists (x,y) € Rig(e, P) with (n,m) > (x,y) coordinate-wise,
there also exists a function ¥ : X™ x X" x X™ — {0, 1}, which given X,Y and Z as input
successfully tests Hy against Hy in the sense of (2.2.1).

Requiring Rrs(e, P) to be maximal is well defined, because for any (ng, mg) € Rrs(e, P)
and (n,m) € N? with (ng, mg) < (n,m) coordinate-wise, it must also hold that (n,m) € Ry,
since 1) can simply disregard the extra samples. Clearly the same applies also to Rig(e, P).

Remark 14. All five definitions above can be modified to measure separation with respect to an
arbitrary function d instead of TV. We will write ngoe(€,d, P) et cetera for the corresponding
values.

2.2.2 Four classes of distributions

All of our definitions in the previous section assumed that we have some class of distributions
P at hand. Below we introduce the classes that we study throughout the rest of the paper.

(i) Smooth density. Let C(3,d,C) denote the set of functions f : [0,1]¢ — R that are
B =:[B — 1]-times differentiable and satisfy

. ) — FOy
1Fley = maxd max @ sup LI@ZSTWIL
0<|al<B s#y€[0,1]4,o|=8 lz —ylls ©

where we write || = Zgzl «; for the multiindex o € N? as usual. We further define

Pu(B,d,C) to be the class of distributions with Lebesgue-densities in C(3,d, C').
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(ii) Gaussian sequence model on the Sobolev ellipsoid. Given C' > 0 and a smooth-
ness parameter s > 0, we define the Sobolev ellipsoid

£(s,0) = {9 ERV:Y 02 < 0}.
j=1
Our second distribution class is given by
Pa(s,C) = {pe -0 € E(s,C)},

where pp = @2, N (0;,1). It is well known that this class models an s-smooth signal
under Gaussian white noise, see for example [198, Section 1.7.1] for an exposition of
this connection.

(iii)-(iv) Distributions on a finite alphabet. For k£ > 2, let
Pp(k) =: {all distributions on {1,2,...,k}}
denote the class of all discrete distributions, and set
Pob(k,C) = {p € Po(k) : [pllec < C/k}

for all C' > 1. In other words, Ppy, are those distributions with support in {1,2,... k}
that are bounded by a constant multiple of the uniform distribution.

Note that depending on the choice of C' some of the above distribution classes may be
empty. To avoid such issues, throughout the rest of paper we implicitly operate under the
following assumption.

Assumption 1. We always assume that C' > 1 when referring to Pu(5,d, C) and Ppp(k,C).

As we shall see in Section 2.3.2 when discussing our results, the behaviour of Pp is
qualitatively different from the other three classes introduced above. Consequently, we will
sometimes refer to Ppp as the “regular discrete" class, and we will see that its minimax sample
complexities are similar to Py and Pg but different from Pp. More generally we will call the
classes Py, Pg, Ppp “regular", characterized by the fact that ng.r < nts, or equivalently, by
the fact that Rts < {(n,m) : min{n, m} > nys}.

2.2.3 Tests for LFHT

We start this section by reintroducing the difference of L?-distances statistic that our results
are based on, and which we've already seen in (2.1.1). Then, in Section 2.2.3 we mention
some natural alternative approaches to the problem, which we however do not study further.
Therefore, the reader that wishes to proceed to our results without delay may safely skip
over Section 2.2.3.
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Ingster’s L2-distance test

For simplicity we focus on the case of discrete distributions. This case is more general than
may first appear: for example in the case of smooth densities on [0, 1]¢ one can simply take a
regular grid (whose resolution is determined by the smoothness of the densities) and count
the number of datapoints falling in each cell. Let px, py, pz denote the empirical probability
mass functions of the finitely supported distributions Px, Py, Pz. The test proceeds via the
comparison

1Px = pzll2 = 1Py — pz2- (2.2.2)
Squaring both sides and rearranging, we arrive at the form

m

S B(Z) ~ x(Z) S

=1

where v = (||pv||* — |px||?)/2. As mentioned in the introduction, variants of this L2-distance
based test have been invented and re-invented multiple times for goodness-of-fit [110, 81] and
two-sample testing [21, 10]. The exact statistic (2.2.2) with application to Pp, has appeared
in [123, 124], and Huang and Meyn [102] proposed an ingenious improvement restricting
attention exclusively to bins whose counts are one of (2,0), (1, 1), (0, 2) for the samples (X, Z)

r (Y, Z). We attribute (2.2.2) to Ingster because his work on goodness-of-fit testing for
smooth densities is the first occurence of the idea of comparing empirical L? norms, but we
note that [123] and [81] arrive at this influential idea apparently independently.

We emphasize the following subtlety. Let us rewrite (2.2.2) as

1Px — Dzll5 — |Ipy — Pzll3 S 0. (2.2.3)

As we shall see from our proofs, this difference results in an optimal test for the full range of
possible values of n and m for Pp,. However, this does not mean that each term by itself
is a meaningful estimate of the corresponding distance: rejecting the null by thresholding
just ||px — pzl||3 would not work. Indeed, the variance of ||px — pz||3 is so large that one needs
m 2 ngor > 1/€% observations to obtain a reliable estimate of ||px — pz||3. The “magic" of
the L?-difference test is that the two terms in (2.2.3) separately have high variance, and thus
are not good estimators of their means, but their difference cancels the high-variance terms.

Remark 15. While testing (LF), practitioners are usually interested in obtaining a p-value,
rather than purely a decision whether to reject the null hypothesis. For this we propose the
following scheme. Let oy,...,0p be i.i.d. uniformly random permutations on n+m elements.
Let T = ||px — pzll3 — ||py — pz||2 be our statistic, and write T} for the statistic T evaluated on
the permuted dataset where {Xl, cos Xpy 241y ooy Zi} are shuffled according to o;. Under the
null the random variables T Tl, e ,fp are exchangeable, thus reporting the empirical upper
quantile ofT in this sample yields an estimate of the p-value. Studying the variance of this
estimate or the power of the test that rejects when the estimated p-value is less than some
threshold, is beyond the scope of this work.
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Alternative tests for LFHT

In this section we discuss a variety of alternative tests that may be considered for (LF) instead
of (2.2.3). These are included only to provide additional context for our problem, and the
reader may safely skip it and proceed to our results in Section 2.3. The approaches we
consider are

(1) Scheffé’s test,
(ii) Likelihood-free Neyman-Pearson test and
(iii) Huber’s and Birgé’s robust tests.

The tests (i-i7) are based on the idea of using the simulated samples to learn a set or a
function that separates Px from Py. The test (zii) and (2.2.3) use the simulated samples to
obtain density estimates of Px, Py directly. All of them, however, are of the form

ZS(Z') <0 (2.2.4)

with only the function s varying.

Variants of Scheffé’s test using machine-learning enabled classifiers are the subject of
current research in two-sample testing [144, 143, 91, 126, 94| and are used in practice for LFI
specifically in high energy physics, see also our discussion of the Higgs boson discovery in
Section 2.1. Thus, understanding the performance of Scheffé’s test in the context of (LF) is of
great practical importance. Suppose that using the simulated samples we train a probabilistic
classifier C': X — [0, 1] on the labeled data U?_,{(X;,0), (Y;,1)}. The specific form of the
classifier here is arbitrary and can be anything from logistic regression to a deep neural
network. Given thresholds ¢, € [0, 1] chosen to satisfy our risk appetite for type-I vs type-II
errors, Scheffé’s test proceeds via the comparison

%iﬂ{@(zi) > 1)< . (2.2.5)

We see that (2.2.5) is of the form (2.2.4) with s(z) = (L{C(z) >t} —v)/m. The follow-up
work [74] studies the performance of Scheffé’s test in great detail, finding that it is (near-
Jminimax optimal in all cases considered in this paper. It is found that the optimal classifier
C must be trained not purely to minimize misclassification error, but rather must also keep
the variance of its output small.

If the distributions Px, Py are fully known, then the likelihood-ratio test corresponds to

Z sne(Zi) S vy snp(z) = log <%(z)> ) (2.2.6)

where v is again chosen to satisfy our type-I vs type-II error trade-off preferences. It is well
known that the above procedure is optimal due to the Neyman-Pearson lemma. Recall that
in our setting Px, Py are known only up to i.i.d. samples, and therefore it seems natural to
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try to estimate syp from samples. It is not hard to see that syp minimizes the population
cross-entropy/logistic loss, that is

snp = argminE, p, [((s(2),1)] + E.wp, [€(s(2),0)],
where £(s,y) = log(1 + e®) — ys. In practice, the majority of today’s classifiers are obtained
by running some form of gradient descent on the problem
s=argminE, 5 [((s(2),1)] +E, 5, [((s(2),0)],

z~P
seg v

where G is, say, a parametric class of neural networks and /F3x, /F;y are empirical distributions.
Given such an estimate S, we can replace the unknown syp in (2.2.6) by s to obtain the
likelihood-free Neyman-Pearson test. For recent work on this approach in LFI see for example
[53]. Studying properties of this test is outside the scope of this paper.

The final approach is based on the idea of robust testing, first proposed by Huber [104,
105]. Huber’s seminal result implies that if one has approximately correct distributions /F;x, /F3y
satisfying

max {TV(I3X, Px), TV(Py, PY)} <e/3  and  TV(Px,Py) > e,

then for some ¢; < ¢y the test

Z su(Z) s 0 where su(z) = min {max {cl, log (j&(z)) } ,02}

i=1 Py

has type-I and type-II error bounded by exp(—(me?)), and is in fact minimax optimal for all
sample sizes analogously to the likelihood-ratio test in the case of binary hypothesis testing.
From the above formula we can see that Scheffé’s test can be interpreted as an approximation
of the maximally robust Huber’s test. Let £(z) = (dPy/dPx)(z) denote the likelihood-ratio
of the estimates. The values of ¢y, co are given as the solution to

~

o — L(2)
1+ C1

L(z) = c
1+ Co

6/3 = EZNﬁx ZNPY

1 {E(z) < cl} 1 {E(z) > 02}

9

which can be easily approximated to high accuracy given samples from /F;x, ﬁy. This suggests
both a theoretical construction, since Py, Py can be obtained with high probability from
simulation samples via the general estimator of Yatracos [206], and a practical rule: instead
of the possibly brittle likelihood-free Neyman-Pearson test (i), one should try clamping the
estimated log-likelihood ratio from above and below.

Similar results hold due to Birgé [28, 27| in the case when distance is measured by Hellinger
divergence:

max {H(ﬁx, Px), H(Py, PY)} <e€/3 and H(Px,Py) 2 e

For ease of notation, let px, py denote the densities of ﬁx, ISY with respect to some base measure
p. Regarding \/px and /Dy as unit vectors of the Hilbert space L*(p), let v : [0, 1] — L%(u)
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be the constant speed geodesic on the unit sphere of L?(x) with y(0) = 1/px and (1) = /Dv.
It is easily checked that each ~; is positive, and Birgé showed that the test

Z log (E(Z))

i=1 V2/3

0

VA

has both type-I and type-II errors bounded by exp(—(me?)). For an exposition of this result
see also [79, Theorem 7.1.2]

2.3 Results

In this section we describe our results on the sample complexity of likelihood-free hypothesis
testing.

2.3.1 General reductions

In this first section, we give reductions that hold in great generality and show the relationship
of our problem with other classical testing and estimation problems that were introduced
in Section 2.2.1. The result below holds for a generic class P of distributions and a generic
measure of separation d, see also Remark 14.

Proposition 2.3.1. Let P be a generic family of distributions and d : P?* — R be any
function used to measure separation. There exists a universal constant ¢ > 0 such that for
n,m € N the following implications hold.

(n,m) € Rig = m > nyr, (2.3.1)
(n,m) € Rts = nAm > ngoF (2.3.2)
(n,m) € Rig = ¢n > neor, (2.3.3)
(n,m) € Rrs = (n,m) € Ryp, (2.3.4)
m >n and (n,m) € Rig = (cn,cm) € Rrs, (2.3.5)

where we omit the argument (e,d, P) throughout for simplicity. In particular,

2
Nngm

NRee < NZ_, N Rrs, (2.3.6)

2
where N .,

={(n,m) € N> :n < m}.

Proof. In what follows, let ¥ g, Urs be minimax optimal tests for (LF) and (TS) respectively.
Throughout the proof we omit the arguments (e, d, P) for notational simplicty.

Reducing hypothesis testing to (LF) Suppose (n,m) € Rig. Let Py, P; € P be given
with d(Pg, P1) > € and suppose Z is an i.i.d. sample with m observations. We wish to test the
hypothesis Hy : Z; ~ Py against Hy : Z; ~ Py. To this end generate n i.i.d. observations X, Y
from Py, P; respectively, and simply output ¥ g(X,Y, 7). This shows that if (n,m) € R
then m > nyt and concludes the proof of (2.3.1).
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Reducing goodness-of-fit testing to two-sample testing Suppose (n,m) € Rrs.
Then obviously (n A m,o0) € Rys. However, two-sample testing with sample sizes n A m, 0o
is equivalent to goodness-of-fit testing with a sample size of n A m. Therefore, n A m > ngor
must hold, concluding the proof of (2.3.2).

Reducing goodness-of-fit testing to (LF) Suppose (n,m) € R with m < n. Let
a distribution Py € P be given as well as an i.i.d. sample X of size cn with unknown
distribution Px, where ¢ € N is a large integer. We want to test Hy : Px = Py against
H, : Py € P,d(Px,Pgy) > ¢. Generate ¢ x 2 i.i.d. samples Y@ Z® for i = 1,...,c of size
n, m respectively, all from Py. Split the sample X into ¢ batches X i =1,..., ¢ of size n
each and form the variables

A = Up(X0 Y0, Z20) — e (X0 YO X[

fori=1,3,...,2|¢/2] — 1, where Xflzn denotes the first m observations in the batch X,
Note that the A; are i.i.d. and bounded random variables. Under the null hypothesis we have
EA; = 0, while under the alternative they have mean EA; > 1/3 (since U is a successful
tester in the sense of (2.2.1)). Therefore, a constant number ¢/2 observations suffice to decide
whether Px = Py or not. In particular, cn > ngor which concludes the proof of (2.3.3) for
the case m < n. The case n < m follows from (2.3.5) and (2.3.2).

Reducing (LF) to two-sample testing Suppose (n,m) € Rts. Let three samples
X, Y, Z be given, of sizes a, a, b from the unknown distributions Px, Py, Pz respectively, where
{a,b} = {n,m}. We want to test the hypothesis Hy : Px = Pz against H; : Py = Pz, where
d(Px,Py) > € under both. Then, the test

U r(X,Y, Z) = Urs(X, Z)

shows that (n,m), (m,n) € Rir and concludes the proof of (2.3.4).

Reducing two-sample testing to (LF) Suppose (n,m) € Rig where m > n. Let two
samples X, Y be given, from the unknown distributions Px, Py € P and of sample size cn,cm
respectively, where ¢ € N is a large integer. We wish to test the hypothesis Hy : Px = Py
against H; : d(Px, Py) > €. Split the samples X,Y into 2 x ¢ batches X Y® i =1, ... ¢
of sizes n, m respectively, and form the variables

A= DX Y YD) - wp(v), X0,y i)
fori=1,3,...,2|¢/2] — 1, where Yl(l,z denotes the first n observations in the batch Y®. The
variables A; are i.i.d. and bounded. Under the null hypothesis we have EA; = 0 while under
the alternative EA; > 1/3 holds. Therefore a constant number ¢/2 observations suffice to
decide whether Px = Py or not. In particular, (cn,cm) € Rys which concludes the proof of
(2.3.5).

Equivalence between two-sample testing and (LF) Equation (2.3.6) follows immedi-
ately from (2.3.5) and (2.3.4). O

Equation (2.3.6) tells us that the problems of likelihood-free hypothesis testing and two-
sample testing are equivalent, but only for m > n, that is, when we have more real data
than simulated data. We will see in the next section, and on Figure 2.1 visually, that this
distinction is necessary.

81



2.3.2 Sample complexity of likelihood-free hypothesis testing

In this section we present our results on the sample complexity of (LF) for the specific classes
P that were introduced in Section 2.2.1, with separation measured by TV. In all results
below the parameters 3, s, d, C are regarded as constants, we only care about the dependence
on the separation € and the alphabet size k (in the case of Pp, Ppp). Where convenient we
omit the arguments of ngor, n1s, RTs, NEst, RLF t0 ease notation, whose value should be clear
from the context.

Theorem 2.3.2. Under TV-separation, for each choice P € {Pu, Ps, Ppob}, we have
R < {(n,m) Tm > 1/627 N 2 NGoF, MN = néoF}’

where the implied constants do not depend on k (in the case of Ppp) or €.

For each class P in Theorem 2.3.2, the entire region R ¢ (within universal constant) is
attained by a suitable modification of Ingster’s L?-distance test from Section 2.2.3. The region
RyiF is visualized on Figure 2.1 on a log-log scale, with each corner point {A, B, C,D} having
a special interpretation, as per the reductions presented in Proposition 2.3.1. The point A
corresponds to binary hypothesis testing and D can be reduced to goodness-of-fit testing.
Similarly, B and C can be reduced to the well-known problems of estimation followed by
robust hypothesis testing and two-sample testing respectively. In other words, (LF) allows us
to naturally interpolate between multiple statistical problems. Finally, we make an interesting
observation: since the product of n and m remains constant on the line segment [B, C| on the
left plot of Figure 2.1, it follows that

nest(€, P) X ngye(€, P) € (2.3.7)

for each class P treated in Theorem 2.3.2. This relation between the sample complexity of
estimation and goodness-of-fit testing has not been observed before to our knowledge, and
understanding the scope of validity of this relationship is an exciting future direction.’

Turning to our results on Pp the picture is less straightforward. As first identified in [20]
and fully resolved in [39], the sample complexity of two-sample testing undergoes a phase
transition when k > 1/¢*. This phase transition appears also in likelihood-free hypothesis
testing.

Theorem 2.3.3. Let a = max {1, min {%, %}} Then

Rir(e, Po(k)) <iog() {(n,m) :m > 1/€%, n > ngor(e, Po(k)) o, mn > nGoF(Epr(k))2'a}7
where the equivalence is up to a logarithmic factor in the alphabet size k.

The log k factor in our analysis originates from a union bound, and it is possible that it
may be removed. It follows from follow up work [74] and past results on two-sample testing

S Added in print: for example in [169] it is demonstrated that for the Gaussian sequence model (see
definition (47) in Section 2.2.2) with the Sobolev ellipsoid replaced by the set © = {6 € ¢*: 37, ]0;| < 1}, it
holds that ngs < né /€.
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Figure 2.1: Light and dark gray show R r and its complement resp. on log scale; the striped
region depicts Rts C Rig. Left plot is valid for P € {Py, Pg, Pob} for all settings of €, k.
For Pp the left plot applies when k < ¢~* and the right plot otherwise.

[62] that the log(k) factor can be removed in all regimes, thus fully characterizing the sample
complexity of (LF), but using a different test from ours.

Table 2.1 summarizes previously known tight results for the values of ngor, nts, Rts and
nest. The fact that nyr = ©(1/€?) for reasonable classes is classical, see Lemma 2.2.1. The
study of goodness-of-fit testing within a minimax framework was pioneered by Ingster [112,
110] for Py, Pg, and independently studied by the computer science community [81, 199| for
Pp, Pop under the name identity testing. Two-sample testing (a.k.a. closeness testing) was
solved in [39] for Pp (with the optimal result for Ppy, implicit) and [110, 10, 139] consider Py.
The study of the rate of estimation ngg is older, see [108, 198, 119, 79| and references for
Pu, P and [35] for Pp, Ppp.

Table 2.1: Prior results on testing and estimation

| nHT | NGoF | Rrs NEst
Po | 1/ | 1/e2s+1/2/s n A M > NeoF €N
Py | 1/ | 1/e28+d/2)/8 nAmMm > neor €2 Néor
Pob | 1/€ VEk/e nA M > neor € N
2
Po | 1/ VE/€e nvm > ‘g—fv’;—gans, nAM > neerV/a | € ni e
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2.3.3 L2-robust likelihood-free hypothesis testing

Even before seeing Theorems 2.3.2 and 2.3.3 one might guess that estimation in TV followed
by a robust hypothesis test should work whenever m = 1/¢? and n > ngg(ce) for a small
enough constant c¢. This strategy does indeed work, which can be deduced from the work of
Huber and Birgé [104, 27] for total variation and Hellinger separation respectively, see also
Section 2.2.3 for a brief discussion of these robust tests. In other words, we have the informal
theorem

if separation is measured by TV or H, then (n > ngg and m > nyr) = (cn,cm) € Rir.

In the case of total variation separation, in fact an even simpler approach succeeds: if px and
Py are minimax optimal density estimators with respect to TV, then Scheffé’s test using the
classifier C(z) = 1{pv(x) > px(x)} can be shown to achieve the optimal sample complexity
by Chebyshev’s inequality.

The upshot of these observations is that they provide a solution to (LF) that is robust to
model misspecification, specifically at the corner point B on Figure 2.1. This naturally leads
us to the question of robust likelihood-free hypothesis testing: can we construct robust tests
for the full m vs n trade-oft?

As before, suppose we observe samples X, Y, Z of size n,n, m from distributions belonging
to the class P with densities f, g, h with respect to some base measure pu. Given any u € P,
let Bu(e,P) C P denote a region around u against which we wish to be robust. Recall
the notation P, = {(Qg, Q1) € P? : TV(Qp, Q1) > €} from Definition 5. We compare the
hypotheses

Hy:heBs(e,P),(f,g9) € Pe versus Hy:heByeP),(fg) €P., (rLF)

and write R, g(e, P,B.) for the region of (n,m)-values for which (rLF) can be performed
successfully, defined analogously to Rig(e,P). Note that R, g C Ri¢ provided u € B, for
all u € P, that is, the range of sample sizes n, m for which robustly testing (LF) is possible
ought to be a subset of Rf.

Theorem 2.3.4. Theorems 2.5.2 and 2.5.3 remain true if we replace Rig(e, P) by Rue(e, P, B.)
for the following choices:

(i) for Pu(B,d,C) and B, = {v € Pu(B,d,C) : ||u —v|ls < ce} for a constant ¢ > 0
independent of €,

(ii) for Ps(s,C) and B, = {pe : 0" € E(s,C),||0 — 0'||]2 < €/4},
(iii) for Pop(k,C) and B, = {v: |lu —vl||s < ¢/(2Vk)}, and

() for Po(k) and B, = {v : ||lu — vl < ce/VE, ||v/ullos < ¢} for a constant ¢ > 0
independent of k and €.
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2.3.4 Beyond total variation

Recall from Remark 14 the notation nger(€,d, P) etc. that is applicable when separation is
measured with respect to a general measure of discrepancy d instead of TV. In recent work
[154, Theorem 1] and [164, Lemma 3.6] it is shown that any test that first quantizes the
data by amap ® : X — {1,2,..., M} for some M > 2 must decrease the Hellinger distance
between the two hypotheses by a log factor in the worst case. This implies that for every
class P rich enough to contain such worst case examples, a quantizing test, such as Scheffé’s,
can hope to achieve m = log(1/¢)/e* at best, as opposed to the optimal m =< 1/¢2. Thus, if
separation is assumed with respect to Hellinger distance, Scheffé’s test should be avoided.
This example shows that the choice of d can have surprising effects on the performance of
specific tests that would be optimal under other circumstances. Understanding the sample
complexity of (LF) for d other than TV might lead to new algorithms and insights.

This motivates us to pose the question: does a trade-off analogous to that identified in
Theorem 2.3.2 hold for other choices of d, and H in particular? In the case of Pg we obtain a
simple, almost vacuous answer. From Lemma 2.3.5 it follows immediately that the results of
Table 2.1 and Theorem 2.3.2 continue to hold for Pg for any of d € {H, VKL, \/P}, to name
a few.

Lemma 2.3.5. Let C' > 0 be a constant. For any 0 € (* with ||0]|, < C

TV (1o, pt0) =< H(pg, 110) = /KL (g 110) =< v/ x2(pta]l110) = 1|02,

where pp =: @2,N(0;,1) and the implied constant depends on C'.

The case of Pp is more intricate. Substantial recent progress [64, 122, 54, 35] has been made,
where among others, the complexities ngof, n1s, nest for Hellinger separation are identified.

Since our algorithm for (LF) is || - ||2-based, we could immediately derive achievability bounds
‘ nHT ‘ NGoF ‘ nTs ‘ MEst
Po | 1/ | VE/&2 | k383 A k34 )& N €
Py | 1/e ? ? 1/e2B+d)/B

Table 2.2: Prior results for d = H.

for Rir(e,H, Pp) via the inequality || - ||, > H?/v/k, however such a naive technique yields
suboptimal results, and thus we omit it. Studying (LF) under Hellinger separation for Pp
and Ppy, is beyond the scope of this work.

Finally, we turn to Py. Due to the nature of our proofs, the results of Theorem 2.3.2
easily generalize to d = || - ||, for any p € [1,2]. The simple reason for this is that (i) our
algorithm is || - ||o-based and || - [ > || - ||, by Jensen’s inequality and (¢7) the lower bound
construction involves perturbations near 1, where all said norms are equivalent. In the
important case d = H the estimation rate ngg(e, H, Py) < 1/62(6+d)/6 was obtained by Birgé
[26], our contribution here is the study of ngo.
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Theorem 2.3.6. For any 8 > 0,C > 1 and d > 1 there exists a constant ¢ > 0 such that
neor(e,H, P(8,d,C)) > ¢/ P+4/2/P,
If in addition we assume that § € (0,1], ¢ can be chosen such that
ngor (€, H, P) < 1/28+d/2)/8,

In particular, ngs < ni g €.

2.4 Sketch proof of main results

In this section we briefly sketch the proofs of the main results of the paper.

2.4.1 Upper bounds for Theorems 2.3.2 to 2.3.4 and 2.3.6

Bounded discrete distributions

Consider first the case when Px and Py belong to the class Ppp, that is, they are supported
on the discrete set {1,2,...,k} and bounded by the uniform distribution. Let px, py, pz
denote empirical probability mass functions based on the samples X, Y, Z of size n,n, m from
Px, Py, Pz respectively. Define the test statistic

Tie = [IPx — Pzl — llpy — pzll3
and the corresponding test ¢(X,Y, Z) = 1{T ¢ > 0}. The proof of Theorems 2.3.2 and 2.3.3
hinge on the precise calculation of the mean and variance of Ti . Due to symmetry it is
enough to compute these under the null. The proof of the upper bound is then completed

via Chebyshev’s inequality: if n,m are such that (ET_f)? 2 var(T ) for large enough implied
constant on the right then 1 tests (LF) successfully in the sense of (2.2.1).

Proposition 2.4.1 (informal). Suppose ||px + py + pzlloo < Coo/k. Then 1p successfully tests

(LF) if
et Cot® (1 1 C 1 1
R - I I (. 2.4.1
k2~ k2 (n * m) * k (n2 * nm) ( )
1 | |
(E,IWLF)2 Val"(TLF)

From (2.4.1) one can immediately see where each constraint in the region R g(e, Ppp(k, C))
in Theorem 2.3.2 emerges. The first two terms in the variance require that both m and
n be larger than Q(1/€%). The 1/n? term in the variance requires that n be at least
Q(Vk/€?) < neor, and the 1/(nm) term requires that the product nm be at least Q(nZ ).

Smooth densities

Next we describe how Proposition 2.4.1 can be applied to the class Py of smooth densities.
Divide [0,1]? into into x? regular grid cells for some x € N. Discretize the three samples
X, Y, Z over this grid and simply apply the optimal test for Ppp, observing the crucial fact
that this discretization belongs to Ppp. The following lemma, originally due to Ingster [110]
controls the approximation error of the discretization.
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Lemma 2.4.2 (|10, Lemma 7.2|). Let P, denote the L* projection onto the space of functions
constant on each grid cell. For any 8 > 0,C > 1 and d > 1 there exist constants c¢,¢ > 0
such that for any f,g € Pu(B,d,C) the following holds:

1f = gllz > 1P(f = 9l = cllf = gll2 = s,

Based on Lemma 2.4.2 we set x =< ¢ /8. This resolution is chosen to ensure that the
discrete approximation to any [-smooth density is sufficiently accurate, that is, approximate
e-separation is maintained even after discretization. We see now that our problem is reduced
entirely to testing over Ppp, so we may apply Proposition 2.4.1 with k = x? =< e~ %8 which
yields the minimax optimal rates from Theorems 2.3.2 and 2.3.4.

Our proof of the achieavability direction in Theorem 2.3.6 follows similarly by reduction
to goodness-of-fit testing for discrete distributions [54]| under Hellinger separation, where it is
known that neor (€, H, Pp) < Vk/e2. The key step is to prove a result similar to Lemma 2.4.2
but for H instead of || - [|o.

Proposition 2.4.3. For any § € (0,1], C > 1 and d > 1 there exists a constant ¢ > 0 such
that

cH(f,9) < H(P.f, Psg) <H(f.9)
holds for any f,q € Pu(B3,d,C), provided we set k= (ce)~%/7.

Gaussian sequence model

Let us briefly discuss the Gaussian sequence class Pg(s,C). Here our approach is not to
discretize the distributions, but conceptually the test is very similar to the cases we've already
covered. Let us write Px = 5, and define 6y, 6z analogously. For a given cutoff r, we simply

reject the null if T\ p g = Z {(@u — gz,i)Q — (é\yz — 5271)2} >0, (2.4.2)
i=1

where é\x,i = % 2?21 Xj; and é\y, 79\2 are defined analogously. Once again, a precise calculation
of the mean and the variance of the sum above, yields the following result.

Proposition 2.4.4 (informal). Set r < e '/*. The test (2.4.2) succeeds if

11 11
> (4= s 4 — ). 2.4.3
L2N€ <n+m)+€ (n2+nm) ( )

(ETLF,G) | ]
var(TiF,G)

Similarly to (2.4.1), we can again read of the constraints that define the region R g(e, Pg(s, C))
from (2.4.3). The first and second terms in the variance ensure that n,m = (1/¢?) and
n?,mn = Qn ) = Q(e- /%) respectively.

87



General discrete distributions

Finally, we comment on Pp. Here we can no longer assume that Co, = O(1) in Proposi-
tion 2.4.1, in fact Cy, = (k) is possible. We get around this by utilizing the reduction based
approach of |64, 80]. We take the first half of the data and compute

BFH#{KM;XFZ}#{MW:yj:i}

+#{j < —min{2k,m} :Zj:i}

for each i € [k]. Then, we divide the i’th support element into B; bins, uniformly. This
transformation preserves pairwise total variation, but reduces the ¢*°-norms of px, py, pz with
high probability, to order 1/(k A (nV m)), after an additional step that we omit here. We can
then perform the usual test with these new “fattened" distributions, using the untouched
half of the data.

It is insightful to interpret the “fattening" procedure followed by L2-distance comparison
as a one-step procedure that simply compares a different divergence of the empirical measures.
Intuitively, in contrast to the regular classes, one needs to mitigate the effect of potentially
massive differences in the empirical counts on bins i € [k] where both px(i) and py(i) are
large but their difference |px(i) — pv(7)| is moderate. Let LC, be the “weighted Le-Cam
divergence" which we define as LCy(p||q) = >_;(pi — ¢:)?/(pi + Ag;) for two probability mass
functions p, ¢. One may interpret the two step procedure (flattening followed by comparing L?
distances) as approximately comparing empirical weighted Le-Cam divergences. Performing
the test in two steps is a proof device, and we expect the test that directly compares, say, the
Le-Cam divergence of the empirical probability mass functions to have the same minimax
optimal sample complexity. Such a one-shot approach is used for example in the paper [39] for
two-sample testing. While Ingster [110] only considers goodness-of-fit testing to the uniform
distribution, his notation also suggests the idea of normalizing by the bin mass under the
null.

2.4.2 Lower bounds for Theorems 2.3.2 to 2.3.4 and 2.3.6

The reductions given in Proposition 2.3.1 immediately yields a number of tight lower bounds
on n and m. Namely, (2.3.1) gives m > 1/¢* and (2.3.3) gives n 2 ngor. Obtaining the lower
bound on the product term mn proves more challenging. First we introduce the well known
information theoretic tools we use to prove our minimax lower bounds.

Suppose that we have two (potentially composite) hypotheses Hy, H; that we test against
each other. Our strategy relies on the method of two fuzzy hypotheses [198], which is a
generalization of Le-Cam’s two point method. Write M (X') for the set of probability measures
on the set X.

Lemma 2.4.5. Take two hypotheses H; C M(X) and random P; € ./\/l(X) Then
2 infmax sup P(v) # i) > 1= TV(ER, EP1) — Z P(P,

i=0,1 peq;

where the infimum is over all tests ¢ : X — {0,1}.
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Proof. We may assume without loss of generality that P(P; € H;) > 0 for both i = 0 and
i = 1, as otherwise the claim is vacuous. Let P; be distributed as P;|{P; € H;}. Then for any
set A C X we have

EP,(A) — ER(A)| = P(P, ¢ H;)|E[Fi(A)|P, € Hi] — E[R(A)|P; ¢ H]| <

P(F; ¢ H;).

In particular, TV(E]50, Ef’l) <TV(EF,,EP,) + ), P(P; ¢ H;). Therefore, for any ¢

max sup P;(¢ #1i) >

i=0,1p,eH;

1
(1-TV(ER),EPR)) > 5 (1 — TV(EPR,,EP,) ZP ) .

[\:JI)—l

For clarity, we formally state (LF) as testing between the hypotheses

Hy = {PY" @ PS" @ PY™ . Py, Py € P, TV(Px,Py) > ¢}
versus (2.4.4)
H1 = {P%n & PQYZm & P?m . Px, PY € P, TV(P)(, Py) Z 6}.

The lower bounds of Theorem 2.3.4 follow from those for Theorems 2.3.2 and 2.3.3 so we
may focus on the latter.

Smooth densities

For concreteness let us focus on the case of P = Py. We take Py to be uniform on [0, 1]¢ and
P, to have density

pp=1+ > nih; (2.4.5)

jeE(x]d

with respect to Py. Here k € N, each n € {il}"“d is uniform and h; is a bump function
supported on the j'th cell of the regular grid of size k¢ on [0,1]%. The parameters &, h; of the
construction are set in a way to ensure P, € Py and TV(Py, P,)) > € with probability 1 over
1. We have

LRI = [

Oldm

( 1_11977 .1}) dzy...dz,,

=Ey <pnap77’>L2
= E(L+ [[Pall3(n, n')™ (2.4.6)
< exp(m’®||ha[|35%),

where 7,7 are i.i.d. uniform and we assume ||hy|ls = ||h;]]2 for all j € [x]?. The above
approach is what Ingster used in his seminal paper [110] on goodness-of-fit testing, which
we adapt to likelihood-free hypothesis testing (2.4.4). Take Py = PZ" ® P§"™ @ P&™ and
P = P?" ®@ P @ P§™ in Lemma 2.4.5. Bounding TV(EP, EP;) proceeds in multiple steps:
first, we drop the Y-sample using the data-processing inequality. Then, we use Pinsker’s

89



inequality and the chain rule to bound TV by the KL divergence of Z conditioned on X. We
bound KL by x?, arriving at the same equation (2.4.6). However, the mixing parameters 7, r/
are no longer independent, instead, given X they’re independent from the posterior. In the
remaining steps we use the fact that the posterior factorizes over the bins and the calculation
is reduced to just a single bin where it can be done explicitly.

Let us now turn to the lower bound in Theorem 2.3.6. The difference in the rate is a
consequence of the fact that H and TV behave differently for densities near zero. Inspired by
this, we slightly modify the construction (2.4.5) by putting the perturbations at density level
€2 as opposed to 1. Bounding TV then proceeds analogously to the steps outlined above.

Bounded discrete distributions

The construction is entirely analogous to the case of Py and we refer to the appendix for

details. In the computer science community the construction of p, is attributed to Paninski
[162].

Gaussian sequence model

The null distribution Py is the no signal case ®°,N(0,1) while the alternative is Py =
% N (6;,1) where 6 has prior distribution ®5°,N(0,~;) for an appropriate sequence v € RN.
We refer to the appendix for more details.

General discrete distributions

Once again, the irregular case Pp requires special consideration. Clearly the lower bound for
Poyp carries over. However, in the regime k > 1/e* said lower bound becomes suboptimal, and
we need a new construction, for which we utilize the moment-matching based approach of
Valiant [200] as a black-box. The construction is derived from that used for two-sample testing
by Valiant, namely the pair (Px, Py) is chosen uniformly at random from {(p o7, g o 7)}res, .
Here we write S, for the symmetric group on [k] and

< fori € [n]
pli) =4 % forie &, 58]
0 otherwise,

where we assume that m < n < k/2 and define q(i) = p(i) for i € [k/2 — 1] and ¢(i) =
p(3k/2 — i) for i € [k/2,k]. This construction gives a lower bound matching our upper
bound in the regime m < n < k. The final piece of the puzzle follows by the reduction
from two-sample testing with unequal sample size (2.3.6), as this shows that likelihood-free
hypothesis testing is at least as hard as two-sample testing in the n < m regime, and known
lower bounds on the sample complexity of two-sample testing [25] (see also Table 2.1) let us
conclude.
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2.5 Open problems

A natural follow-up direction to the present paper would be to study multiple hypothe-
sis testing where Px and Py are replaced by Px,,...,Px,, with corresponding hypotheses
Hy,...,Hy. The geometry of the family {Px, }jc[a might have interesting effects on the
sample complexities.

Open problem 1. Study the dependence on M > 2 of likelihood-free testing with M
hypotheses.

Another possible avenue of research is the study of local minimax/instance optimal rates,
which is the focus of recent work [199, 13, 45, 44, 137] in the case of goodness-of-fit and
two-sample testing.

Open problem 2. Define and study the local minimaz rates of likelihood-free hypothesis
testing.

Our discussion of the Hellinger case in Section 2.3.4 is quite limited, natural open problems
in this direction include the following.

Open problem 3. Let P € {Pu(B,d,C), Pob(k,Cps), Po(k)}.
(i) Study ncor and nts for P under Hellinger separation.
(ii) Determine the trade-off Rig for P under Hellinger separation.

More ambitiously, one might ask for a characterization of ‘regular’ models (P, d) for which
goodness-of-fit testing and two-sample testing are equally hard and the region R f is given
by the trade-off in Theorem 2.3.2.

Open problem 4. Find a general family of ‘reqular® models (P,d) for which

neor(€,d, P) < nts(e,d, P) and
Rir(e,d, P) < {m > 1/e®,n > neor(e,d, P), mn > ng g(e,d, P)}.

Recent follow-up work [74] showed that Scheffé’s test is also minimax optimal and achieves
the entire trade-off in Figure 2.1. It appears that the optimality of Scheffé’s test is a
consequence of the minimax point of view. Basically, in the worst-case the log-likelihood
ratio between the hypotheses is close to being binary, hence quantizing it to {0, 1} does not
lose optimality. Consequently, an important future direction is to better understand the
competitive properties of various tests and studying some notion of regret, see [2| for prior
related work.

Open problem 5. Study the competitive optimality of likelihood-free hypothesis testing
algorithms, and Scheffé’s test in particular.
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Chapter 3

Kernel-Based Tests for Likelihood-Free
Hypothesis Testing

This chapter is a reproduction of |76], which was published at the Thirty Seventh Annual
Conference on Neural Information Processing Systems, and is joint work with Tianze Jiang,
Yury Polyanskiy and Rui Sun.

3.1 Likelihood-Free Inference

The goal of likelihood-free inference (LFI) [66, 91, 32, 51|, also called simulation-based
inference (SBI), is to perform statistical inference in a setting where the data generating
process is a black-box, but can be simulated. Given the ability to generate samples Xy ~ P;°"
for any parameter 6, and given real-world data Z ~ P, we want to use our simulations
to learn about the truth 6*. LFI is particularly relevant in areas of science where we have
precise but complex laws of nature, for which we can do (stochastic) forward simulations, but
can not directly compute the (distribution) density Py. The Bayesian community approached
the problem under the name of Approximate Bayesian Computation (ABC) [52, 182, 22|.
More recent ML-based methods where regressors and classifiers are used to summarize data,
select regions of interest, approximate likelihoods or likelihood-ratios [114, 117, 163, 53, 196]
have also emerged for this challenge.

Despite empirical advances, the theoretical study of frequentist LFT is still in its infancy.
We focus on the nonparametric and non-asymptotic setting, which we justify as follows. For
applications where tight error control is critical one might be reluctant to rely on asymptotics.
More broadly, the non-asymptotic regime can uncover new phenomena and provide insights
for algorithm design. Further, parametric models are clearly at odds with the black-box
assumption. Recently, [78] proposed likelihood-free hypothesis testing (LFHT) as a simplified
model and found minimax optimal tests for a range of nonparametric distribution classes,
thereby identifying a fundamental simulation-experimentation trade-off between the number
of simulated observations n and the size of the experimental data sample m. Here we
extend |78], and prior related work [102, 100, 124, 123, 74|, to a new setting designed to
model experimental setups more truthfully and derive sample complexity (upper and lower
bounds) for kernel-based tests over nonparametric classes.
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While minimax optimal, the algorithms of |78, 74| are impractical as they rely on discretizing
the observations on a regular grid. Thus, both in our theory as well as experiments we turn
to kernel methods which provide an empirically more powerful set of algorithms that have
shown success in nonparametric testing [86, 85, 118, 87, 143].

Contributions Our contributions are twofold. Theoretically, we introduce mized
likelihood-free hypothesis testing (mLFHT), which is a generalization of (LFHT) and pro-
vides a better model of applications such as the search for new physics [49, 142]. We propose
a robust kernel-based test and derive both upper and lower bounds on its minimax sample
complexity over a large nonparametric class of densities, generalizing multiple results in [123,
102, 100, 124, 139, 78, 74]. Although the simulation-experimentation (m vs n) trade-off
has been proven in the minimax sense (that is, for some worst-case data distribution), it is
not clear whether it actually occurs in real data. Our second contribution is the empirical
confirmation of the existence of an asymmetric trade-off, cf. Figure 3.1. To this end we
construct state-of-the-art tests building on ideas of [187, 143] on learning good kernels from
the data. We execute this program in two settings: the Higgs boson discovery [14], and
detecting diffusion [95] generated images planted in the CIFAR-10 [135] dataset.

3.1.1 LFHT and the Simulation-Experimentation Trade-off

Suppose we have i.i.d. samples X,Y each of size n from two unknown distributions Py, Py
on a measurable space X, as well as a third i.i.d. sample Z ~ P, of size m. In the context of
LFI, we may think of the samples X, Y as being generated by our simulator, and Z being
the data collected in the real world. The problem we refer to as likelihood-free hypothesis
testing is the task of deciding between the hypotheses

Hy: P;=Px versus H,:P;=PF. (LFHT)

This problem originates in [90, 212], where authors study the exponents of error decay for
finite X and fixed Px, Py as n ~ m — oo; more recently [123, 102, 100, 124, 2, 139, 78,
74] it is studied in the non-asymptotic regime. Assuming that Py, Py belong to a known
nonparametric class of distributions P and are guaranteed to be e-separated with respect to
total variation (TV) distance (i.e. TV(Px, Py) > ¢€), [78] characterizes the sample sizes n and
m required for the sum of type-I and type-II errors to be small, as a function of € and for
several different P’s. Their results show, for three settings of P, that (i) testing (LFHT) at
vanishing error is possible even when n is not large enough to estimate Px and Py within total
variation distance O(¢), and that (i7) to achieve a fixed level of error, say «, one can trade off
m vs. n along a curve of the form {min{n,/mn} 2> nrs(a,e,P),m = log(1/a)/e*}. Here
nts denotes the minimax sample complexity of two-sample testing over P, i.e. the minimum
number of observations n needed from Px, Py € P to distinguish the cases TV(Px, Py) > €
versus Py = Py. Here 2 suppresses dependence on constants and untracked parameters.

It is unclear, however, whether predictions drawn from minimax sample complexities
over specified distribution classes can be observed in real-world data. Without the theory,
a natural expectation is that the error contour {(m,n) : 3 a test with total error < a}
would look similar to that of minimax two-sample testing with unequal sample size, namely
{(m,n) : min{n, m} 2 nrs(a, €, P)}, i.e. n and m simply need to be above a certain threshold
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simultaneously (as is the case for e.g. two-sample testing over smooth densities [10, 139]).
However, from Figures 3.2 and 3.1 we see that there is indeed a non-trivial trade-off between
n and m: the contours are not always parallel to the axes and aren’t symmetric about the line
m = n. The importance of Fig. 3.1 is in demonstrating that said trade-off is not a kink of a
theory that arises due to some esoteric worst-case data distribution, but is instead a real effect
observed in state-of-the-art LFI algorithms ran on actual data. We remark that the n used
in this plot is the total number of simulated samples (most of which are used for choosing
a neural-network parameterized kernel) and are not just the n occuring in Theorems 3.3.1
and 3.3.2 which apply to a fized kernel. See Section 3.4 for details on sample division.

3.1.2 Mixed Likelihood-Free Hypothesis Testing

A prominent application of likelihood-free inference lies in the field of particle physics.
Scientists run sophisticated experiments in the hope of finding a new particle or phenomenon.
Often said phenomenon can be predicted from theory, and thus can be simulated, as was
the case for the Higgs boson whose existence was verified after nearly 50 years at the Large
Hadron Collider (LHC) [40, 5].

Suppose we have n simulations from the background distribution Px and the signal
distribution Py. Further, we also have m (real-world) datapoints from P; = (1 —v)Px + v Py,
i.e. the observed data is a mixture between the background and signal distributions with rate
parameter v. The goal of physicists is to construct confidence intervals for v, and a discovery
corresponds to a 50 confidence interval that excludes v = 0. We model this problem by
testing

Hy:v=0 versus H :v>90 (mLFHT)

for fixed (usually predicted) 0 > 0. See the rigorous definition of (mLFHT) in Section 3.3. In
particular, a discovery can be claimed if Hj is rejected.

3.2 The Likelihood-Free Test Statistic

This section introduces the testing procedure based on Maximum Mean Discrepancy (MMD)
that we study throughout the paper both theoretically and empirically. First, we introduce
the necessary background on MMD in Section 3.2.1. Then, we define our test statistics in
Section 3.2.2.

3.2.1 Kernel Embeddings and MMD

Given a set X, we call the function K : X? — R a kernel if the n x n matrix with i5th
entry K (x;,x;) is symmetric positive semidefinite for all choices of x1,..., 2, € X and n > 1.
There is a unique reproducing kernel Hilbert space (RKHS) Hy associated to K. Hx consists
of functions X +— R and satisfies the reproducing property (K(x,-), ), = f(x) for all
f € Hy and x € X, in particular K (x,-) € Hx. Given a probability measure P on X', define
its kernel embedding 0p as

Op = Ex pK(X,") = /X K(z,-)P(dz). (3.2.1)
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Figure 3.1: n versus m trade-off for the Higgs and CIFAR experiments using our test
in Section 3.2. Error probabilities are estimated by normal approximation for Higgs and
simulated for CIFAR.

Given the kernel embeddings of two probability measures P, (), we can measure their distance
in the RKHS by MMD(P, Q) = ||0p — 0|3, where MMD stands for maximum mean
discrepancy. MMD has a closed form thanks to the reproducing property and linearity:

MMD?(P,Q) = E [K(X, X') + K(Y,Y') - 2K (X, Y)]

where (X, X" Y,Y") ~ P®? @ Q®2. In particular, if P,Q are empirical measures based on
observations, we can evaluate the MMD exactly, which is crucial in practice. Yet another
attractive property of MMD is that (under mild integrability conditions) it is an integral
probability metric (IPM) where the supremum is over the unit ball of the RKHS H . See e.g.
[179, 151] for references. The following result is a consequence of the fact that self-adjoint
compact operators are diagonalizable.

Theorem 3.2.1 (Hilbert-Schmidt). Suppose that K € L*(p @ u) is symmetric. Then
there exists a sequence ()\;);>1 € (* and an orthonormal basis {e;};>1 of L*(u) such that
K(z,y) = 2]21 Nej(x)e;(y) for all j > 1, where convergence is in L*(1n & p).

Assumption 2. Unless specified otherwise, we implicitly assume a choice of a non-negative
measure (i and kernel K for which the conditions of Theorem 3.2.1 hold. Note that \; > 0
and depend on .

Removing the Bias In our proofs we work with the kernel embedding of empirical
measures for which we need to modify the inner product (-, )3, (and thus MMD) slightly by
removing the diagonal terms. Namely, given i.i.d. samples X,Y" of size n, m respectively and
corresponding empirical measures Py, Py, we define

MMD? (P, Py) = ZMJrZ&Y% —22% (3.2.2)

= n(n —1) oy m(m —
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We also write (05 ,0p )un, = 05,7 : ;Zi# K(X;,X;) and extend linearly.

wHi T n(n—1)
The u stands for unbiased, since EMMD?(Px, Py) = MMD?(Px, Py) # E MMD?(Px, Py) in
general.

3.2.2 Test Statistic

With Section 3.2.1 behind us, we are in a position to define the test statistic that we use to
tackle (mLFHT). Suppose that we have samples X, Y, Z of sizes n,n, m from the probability
measures Py, Py, P;. Write ﬁX for the empirical measure of sample X, and analogously for
Y, Z. The core of our test statistic for (mLFHT) is the following:

T(X.Y.2) = 05,05, — O hures = — S S {K(Z. V) - K(Z. X)) (323

i=1 j=1

Note that T is of the additive form + > iy f(Zi) where f(z) = 0p (z) — 0p_(2) can be

m Y X
interpreted as the witness function of [85, 118]. Given some 7 € [0, 1] (taken to be half the
predicted signal rate §/2 in our proofs), the output of our test is

v, = ]1{T(X,Y, Z) > (X, Y, w)}, where (X, Y, ) = # MMD?(Py, By) + T(X,Y, X).
(3.2.4)
The threshold v gives ¥, a natural geometric interpretation: it checks whether the projection
of 0 — 0p,  onto the vector 65 — 0p falls further than 7 along the segment joining 65  to
05, (up to deviations due to the omitted diagonal terms, see Section 3.2.1).

Setting 6 = 1 in (mLFHT) recovers (LFHT), and the corresponding test output is
W0 = Wy = 1 if and only if MMD,(Py, Px) > MMD,(Pz, Py). This very statistic
(i.e. MMDU(]BZ, ]3X) — MMDu(ﬁX, ﬁy)) has been considered in the past for relative goodness-
of-fit testing [31] where it’s asymptotic properties are established. In the non-asymptotic
setting, if MMD is replaced by the L?-distance we recover the test statistic studied by [102,
124, 78|. However, we are the first to introduce ¥4 for 6 # 1 and to study MMD-based tests
for (m)LFHT in a non-asymptotic setting.

Variance cancellation At first sight it may seem more natural to the reader to
threshold the distance MMD,(Pz, Px), resulting in rejection if, say, MMD, (Pz, Px) >
MMD, (Py, Py)3/2. The geometric meaning of this would be similar to the one outlined
above. However, there is a crucial difference: (LFHT) (the case 6 = 1) is possible with very
little experimental data m due to the cancellation of variance. More precisely, the statistic
MMD?(Py, Px) contains the term ——— Zi#j K(Z;,Z;) — whose variance is prohibitively

m(m—1)
large and would inflate the m required for reliable testing — but this can be canceled by

subtracting MMD?(Pyz, Py). Our statistic T(X,Y, Z) — v(X,Y, ) simply gencralizes this
idea to (mLFHT).
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3.3 Minimax Rates of Testing

3.3.1 Upper Bounds on the Minimax Sample Complexity of (mLFHT)

Let us start by reintroducing (mLFHT) in a rigorous fashion. Given C,¢, R > 0, let P,(C, €, R)
denote the set of triples (Py, Py, Pyz) of distributions such that the following three conditions
hold:

(1) Px, Py and Pz have u-densities bounded by C,
(1i) MMD(Px, Py) > €, and
(ZZZ) MMD(Pz, (1 — V)PX + VPy) S R- MMD(P)(, Py),

where we define v = v(Px, Py, Pz) = arg min,,cg MMD(Pyz, (1 — v')Px + v/ Py). For some
0 > 0, consider the two hypotheses

Hy(C,€,0,R) : (Px,Py,Pz) € P.(C,e,R) and v =0

3.3.1
Hl(C,E, 5, R) : (PX,Py,Pz) S PM(C,E, R) and v > 5, ( )

which we regard as subsets of probability measures. Notice that R controls the level of mis-
specification in the direction that is orthogonal to the line connecting the kernel embeddings
of Px and Py. Setting R = 0 simply asserts that P, is guaranteed to be a mixture of Py
and Py, as is the case for prior works on LFHT. Before presenting our main result on the
minimax sample complexity of mLFHT, let us define one final piece of terminology. We say
that a test W, which takes some data as input and takes values in {0, 1}, has total error
probability less than « for the problem of testing Hy vs H; if

sup P(U =1)+ sup Q(¥ =0) < . (3.3.2)
PeHy QeH,
Theorem 3.3.1. Suppose we observe three i.i.d. samples X,Y, Z from distributions Px, Py, Py
composed of n,n, m observations respectively and let C € (0,00) and R,e >0 and § € (0,1).
There exists a universal constant ¢ > 0 such that W5/ defined Section 3.2.2 tests Hy vs Hy,
as defined in (3.3.1), at total error o provided

Cl[Alloo log(1/ex)

Cl[All2 log(1/a)
(e5/(1+ R))?

de?

and min{n,/nm} > c

min{m,n} > c

Note that Theorem 3.3.1 does not place assumptions on the distributions Px, Py beyond
bounded density with respect to the base measure p. This is different from usual results
in statistics, where prior specification of distribution classes is crucial. On the other hand,
instead of standard distances such as LP, we assume separation with respect to MMD and
the latter is potentially harder to interpret than, say, L' i.e. total variation. We do point out
that our Theorem 3.3.1 can be used to derive results in the classical setting; we discuss this
further in Section 3.3.4.
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In an appropriate regime of the parameters, the Type-l error

sufficient sample complexity in Theorem 3.3.1 ex- iz: :jz
hibits a trade-off of the form min{n, \/%} > s s
| All21og(1/a)/(0€*) between the number of simula- le3

tion samples n and real observations m. This trade-off e 02
is shown in Figure 3.2 using data from a toy problem. = s 00
The trade-off is clearly asymmetric and the relation- le2 - (0
ship m - n > const. also seems to appear. In this toy 4el - 040

problem we set R = 0,0 = 1,e¢ = .3,k = 100 and Zel | (005

Px = Py, Py are distributions on {1,2,...,k} with

Px(i)=(1+¢€-(2-1{i odd} — 1)) /k = 2/k — Py (i)

for alli =1,2,... k. The kernel we take is K(z,y) =

Zle 1{z =y =i} and p is simply the counting mea- Figure 3.2: n versus m trade-off for the

sure; the resulting MMD is simply the L?-distance on toy experiment, verifying Theorem 3.3.1.

pmfs. Probabilities estimated over 10% runs,
Figure 3.1 illustrates a larger scale experiment using and smoothed using Gaussian noise.

real data using a trained kernel. Note that we plot

the total number n of simulation samples, including those used for training the kernel itself

(see Section 3.4); which ensures that Figure 3.1 gives a realistic picture of data requirements.

However, due to the dependence between the kernel and the data, Theorem 3.3.1 no longer

applies. Nevertheless, we observe a trade-off similar to Figure 3.2.

- 0.00

le1 -
2e1
4e1
1e2 -
2a2

S se2 -

3.3.2 Lower Bounds on the Minimax Sample Complexity of (mLFHT)

In this section we prove a minimax lower bound on the sample complexity of mLFHT, giving
a partial converse to Theorem 3.3.1. Before we can state this results, we must make some
technical definitions. Given J > 2, let | A2, == 3.7_, A2 and define

J=2"7
Jr = max{ : sup HZU VAje; < |MH2J}.
€ J J — ¢

77J—:t

Theorem 3.3.2 (Lower Bounds for mLFHT). Suppose that [, K(x,y)u(dz) = Xy, p(X) =1
and sup,cy K(x,x) < 1. There exists a universal constant ¢ > 0 such that any test of Hy vs
Hy, as defined in (3.3.1), with total error at most o must use a number (n,m) of observations
that satisfy
A2 log(1 |24/ log(1 A2/ log(1
L alogt/a) o VR (s o(Ta)
€242 €2 €20

Remark 16. Recall that the eigenvalues A depend on the choice of u, so that by choosing a

different base measure p one can optimize the lower bound. However, since Px, Py, Py are
assumed to have bounded density with respect to , this appears rather involved.

Remark 17. The requirements sup,cy K(z,2) <1 and pu(X) =1 are is essentially without
loss of generality, as p and K can be rescaled. The condition fx K(x,y)u(dx) = Ay implies
that the top eigenfunction ey is equal to a constant or equivalently, that y — K(x,y)u(dx)
defines a Markov kernel up to a normalizing constant.

98



3.3.3 Tightness of Theorems 3.3.1 and 3.3.2

Dependence on |[A||z An apparent weakness of Theorem 3.3.2 is its reliance on the
unknown value J7, which depends on the specifics of the kernel K and base measure p.
Determining it is potentially highly nontrivial even for simple kernels. Slightly weakening
Theorem 3.3.2 we obtain the following corollary, which shows that the dependence on [|Al|2 is
tight, at least for small e.

Corollary 3.3.3. Suppose J > 2 is such that Z}Izg As > E|MJ3 for some ¢ < 1. Then

[All2gs can be replaced by c|||| in Theorem 8.3.2 whenever € < c[|A]|2/(2v/J — 1).

Dependence on R and a@ Due to the general nature of our lower bound constructions,
it is difficult to capture the dependence on the misspecification parameter R. As for the
probability of error «, based on related work [62] we expect the gap of size /log(1/«) to be
a shortcoming of Theorem 3.3.1 and not the lower bound. Closing this gap may require a
different approach, however, as tests based on empirical L? distances are known to have a
sub-optimal concentration [102].

Dependence on § The correct dependence on the signal rate § is the most important
question left open by our theoretical results. Any method requiring n larger than a function of
§ irrespective of m (as in Theorem 3.3.1) is provably sub-optimal because taking m > 1/(d¢)?
and n large enough to estimate both Px, Py to within accuracy €/10 always suffices to reach
a fixed level of total error.

3.3.4 Relation to Prior Results

In this section we discuss some connections of Theorem 3.3.1 to prior work. Specifically, we
discuss how Theorem 3.3.1 recovers some known results in the literature [10, 139, 78| that
are minimax optimal. Details omitted in this section are included in Appendix B.2.

Binary Hypothesis Testing Suppose the two distributions Py, Py are known, we are
given m i.i.d. observations 71, ..., Z,, ~ Pz and our task is to decide between the hypotheses
Hy : Px = Py versus Hy : Py = Pz. Then, we may take n = oo, R = 0,0 = 1 in Theorem
3.3.1 to conclude that
Cl[Alloo log(1/c)

2
observations suffice to perform the test at total error a.

Two-Sample Testing Suppose we have two i.i.d. samples X and Y, both of size n, from
unknown distributions Py, Py respectively and our task is to decide between Hy : Px = Py
against H; : MMD(Px, Py) > e. We split our Y sample in half resulting in Y™ and Y?
and form the statistic Urg = Uy (X, YD Y E) — Wy (YD, X, YD) where U 5 is defined
in Section 3.2.2. Then |[EV+s| is equal to 0 under the null hypothesis and is at least 1 — 2a;
under the alternative, where oy is the target total error probability of Wy ,. Taking a; = 5%,
by repeated sample splitting and majority voting we may amplify the success probability to
a provided

m>c-

> ¢ ClAl2log(1/a)

2 Y

(3.3.3)

€
where ¢ > 0 is universal (see Appendix for details). The upper bound (3.3.3) partly recovers
[139, Theorem 3 and 5| where authors show that thresholding the MMD with Gaussian
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kernel G, (z,y) = o~ exp(—||z — y||?/o?) achieves the minimax optimal sample complexity
n =< e (2B+d/2)/B for the problem of two-sample testing over the class Ps.q of d-dimensional
(8,2)-Sobolev-smooth distributions (defined in Appendix B.2.3) under e-L*-separation. For
this, taking o < €/# ensures that |P — Q|2 < MMD(P, Q) over P,Q € Ps,. Taking e.g.
du(x) = exp(—||z||3)dx as the base measure, (3.3.3) recovers the claimed sample complexity
since |[A|3 = [ G%(z,y)du(z)du(y) = O(c~?) hiding dimension dependent constants. Our
result requires a bounded density with respect to a Gaussian.

Likelihood-Free Hypothesis Testing By taking o < R < § = O(1) in Theorem 3.3.1
we can recover many of the results in [123, 124, 78]. When X is finite, we can take the
kernel K(x,y) = > .. 1{z =y = 2} in Theorem 3.3.1 to obtain the results for bounded
discrete distributions (defined in Appendix B.2.1) which state that under e-TV-separation
the minimax optimal sample complexity is given by m > 1/e%; min{n, /nm} > /] X[/e2. A
similar kernel recovers the optimal result for the class of S-Holder smooth densities on the
hypercube [0,1]? (see Appendix B.2.2).

Curse of Dimensionality Using the Gaussian kernel G, as for two-sample testing
above, one can conclude by Theorem 3.3.1 that the required number of samples for (mLFHT)
over the class Pg 4 under e-L*-separation grows at most like ((E)Q(d)ﬁ%) for some ¢ > 1,
instead of the expected (2 ((%)Q(d)). This may be interpreted as theoretical support for the
success of LFI in practice where signal and background can be rather different (cf. [14,
Figures 2-3|) and the difficulty of the problem stems from the rate of signal events being
small (i.e. e~ 1 but d < 1).

3.4 Learning Kernels from Data

Given a fized kernel K, our Theorems 3.3.1 and 3.3.2 show that the sample complexity
is heavily dependent on the separation e under the given MMD as well as the spectrum
A = A(u, K) of the kernel. Thus, to have good test performance we need to use a kernel K
that is well-adapted to the problem at hand. In practice, however, instead of using a fixed
kernel it would be only natural to use part of the simulation sample to try to learn a good
kernel.

In Sections 3.4 and 3.5 we report experimental results after training a kernel parameterized
by a neural network on part of the simulation data. In particular, due to the dependence
between the data and the kernel, Theorem 3.3.1 doesn’t directly apply. Our main contribution
here is showing the existence of an asymmetric simulation-experimentation trade-off (cf. Figure
3.1 and also Section 3.1.1) even in this realistic setting. Figure 3.1 plots the total number n
of simulations used, including those used for training, so as to provide a realistic view of the
amount of data used. The experiments also illustrate that the (trained-)kernel-based statistic
of Section 3.2.2 achieves state-of-the-art performance.

3.4.1 Proposed Training Algorithm

Consider splitting the data into three parts: (X, Y™") is used for training (optimizing) the
kernel; (X, Y®) is used to evaluate our test statistic at test time; and (X' V<) is used
for calibrating the distribution of the test statistic under the null hypothesis. We write
ns = | X°| = |Y?®| for s € {tr,ev, cal}. Given the training data X', Y"*" with empirical measures
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Algorithm 1 mLFHT with a learned deep kernel
Input: (X', X X (Yt Y Y<); parametrized kernel K, ; hyperparameters and initialization.

# Phase 1: Kernel training (optimization) on X and Y.
w ¢ arg max{ptimizer J(X', Y K,):; # mazimize objective as defined in (3.4.1)
# Phase 2: Distributional calibration of test statistic (under null hypothesis).
forr=1,2,...,k do
Z" « sample m points without replacement from X'
T, < 7neim Zi,j (Kw(ZiCal,r’ Yjev) _ Kw(ZicaI,T’X;V));
end for

# Phase 3: Inference with input Z.
~ . } N
T o 2 <Kw(Ziane ) — Ku(Zi, X5 )),

Output: Estimated p-value: ¢ Zle 1T < T}

Pxw, Pyw, we maximize the objective in

=~ 1\/[1\/[])2 (ﬁXtr ﬁytr' K)
JX" Y™ K) = = ’ ’ 3.4.1
( ’ ! ) G(Xtrj Ytr; K) ’ ( )

which was introduced in [187]. Here 2 is an estimator of the variance of MMD%(?XU, Py K )
and is defined in Appendix B.6.1.

Intuitively, the objective J aims to separate Px from Py while keeping variance low. For
a heuristic justification of its use for (mLFHT) see Appendix.

In Algorithm 1 we describe the training and testing procedure, which produces unbiased
p-values for (mLFHT) when there is no misspecification (R = 0 in Theorem 3.3.1). During
training, we use the Adam optimizer [128] with stochastic batches.

Proposition 3.4.1. When there is no misspecification (R =0 in Theorem 3.3.1), Algorithm
1 outputs an unbiased estimate of the p-value that is consistent as min{ne,, k} — oco.

Time complexity Algorithm 1 runs in three separate stages: training, calibration, and
inference. The first two take O (#epochs - B? + kne,m) total time, where B is the batch
size, whereas Phase 3 takes only O(ne,m) time, which is generally much faster especially if
Ney << Ny

Sample usage FEmpirically, data splitting in Algorithm 1 can have non-trivial effects
on performance. Instead of training the kernel on only a fraction of the data ({X",Y*"} N
{X® Y} = &), we discovered that taking {X® Y} C {X™ Y*"} results in more efficient
use of data. The stronger condition {X® Y} = {X™ Y*"} can also be applied; we take
C to reduce time complexity. We do, however, crucially require X' Y in Phase 2 to be
independently sampled (“held-out”) for consistent p-value estimation. Finally, we remark also
that splitting this way is only valid in the context of Algorithm 1. For the test (3.2.4) using
the data-dependent threshold «y, one needs { X", Y"} N {X*,Y*'} = & to estimate .

3.4.2 Classifier-Based Tests and Other Benchmarks

Let ¢ : X — [0,1] be a classifier, assigning small values to Py and high values to Py by
minimizing cross-entropy loss of a classifier net. There are two natural test statistics based

on ¢:
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Scheffé’s Test. The first idea, attributed to Scheffé in folklore [59, Section 6], is to take
the statistic 7(Z) = = >, 1{¢(Z;) > t} where ¢ is some (learn-able) threshold.

Approximate Neyman—Pearson / Logit Methods. If ¢ is trained to perfection, then
¢(z) = P(Px|z) would be the likelihood and ¢(2)/(1 — ¢(z)) would equal precisely the likeli-
hood ratio between Py and Py at z. This motivates the use of T'(Z) = = 3™ log(é(Z;) /(1 —
&(Z;))). See also [42].

Let us list the testing procedures that we benchmark against each other in our experiments.
1. MMD-M: The MMD statistic (3.2.3) using K with the mixing architecture

K(z,y) = [(1 = 7)Go(u(®), 0u(y) + 7] - Goo (& + 00 (2), ¥ + £l ().

Here G, is the Gaussian kernel with variance o?; p,, ¢/, are NN’s (with parameters
w,w'), and o, 09, T,w,w" are trained.

2. MMD-G: The MMD statistic (3.2.3) using the Gaussian kernel architecture K (z,y) =
Go(pu(x), pu(y)) where ¢, is the feature mapping parametrized by a trained network
and o is a trainable parameter.

3. MMD-O: The MMD statistic (3.2.3) using the Gaussian Kernel K (z,y) = G,(z,y)
with optimized bandwidth o. First proposed in [31, 143].

4. UME: An interpretable model comparison algorithm proposed by [118], which evaluates
the kernel mean embedding on a chosen “witness set”.

5. SCHE, LBI: Scheffé’s test and Logit Based Inference methods [42], based on a binary
classifier network ¢ trained via cross-entropy, introduced above.

6. RFM: Recursive Feature Machines, a recently proposed kernel learning algorithm by
[170].

3.4.3 Additive Statistics and the Thresholding Trick

Given a function f (usually obtained by training) and test data Z = (Z1,...,Z,,), we call a
test additive if its output is obtained by thresholding T((Z) := + 3™ | f(Z;). We point out
that all of MMD-M/G/O, SCHE, LBI, UME, RFM are of this form, see the Appendix
for further details. Similarly to [143], we observe that any such statistic can be realized by
our kernel-based approach.

Proposition 3.4.2. The kernel-based statistic defined in (3.2.3) with the kernel K(x,y) =
f(x)f(y) is equal to Ty up to a multiplicative and additive constant independent of Z.

Motivated by the Scheffé’s test, instead of directly thresholding the additive statistic
T¢(Z), we found empirically that replacing f by fi(z) := 1{f(z) > t} can yield improved
power. We set ¢ by maximizing an estimate of the significance under the null using a normal

Ty, (VoY) T, (X0t :
opt i= arg max, \/T” (XOP‘;(l fTi (Xo)pt)), where X°P VP satisfy

{Xort yortt n ({ X Vel U {X®, Y*}) = @. This trick improves the performance of our
tester on the Higgs dataset in Section 3.5.2 but not for the image detection problem in
Section 3.5.1.

approximation, i.e. by solving ¢
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Figure 3.3: Empirical performance on (3.5.1) for the CIFAR detection problem when nt, = 1920.
Plots from left to right are as follows. (a) rejection rate under the alternative if test rejects whenever
the estimated p-value is smaller than 5%; (b) expected p-value [178] under the alternative; (c)
the average of type-I and II error probabilities when thresholded at 0 (different from (3.2.4), see
Appendix); and (d) ROC curves for different m using MMD-M and Algorithm 1. Shaded area
shows the standard deviation across 10 independent runs. Missing benchmarks (thresholded MMD,
MMD-O, LBI, RFM) are weaker; see Appendix for full plot.

3.5 Experiments
Our code can be found at https://github.com/Sr-11/LFI.

3.5.1 Image Source Detection

Our first empirical study looks at the task of detecting whether images come from the CIFAR-
10 [136] dataset or a SOTA generative model (DDPM) [95, 167]. While source detection is
on its own interesting, it turns out that detecting whether a group of images comes from
the generative model versus the real dataset can be too “easy” (see experiments in [118]).
Therefore, we consider a mized alternative, where the alternative hypothesis is not simply the
generative model but CIFAR with planted DDPM images. Namely, our n labeled images
come from the following distributions:

Px =CIFAR, and Py = % - DDPM + ; - CIFAR. (3.5.1)
The goal is to test whether the m unlabeled observations Z have been corrupted with p or
more fraction of DDPM images (versus uncorrupted CIFAR); this corresponds to (LFHT) (or
equivalently (mLFHT) with § = 1). Figure 3.3 shows the performance of our approach with
this mixed alternative.

Network Architecture With a standard deep CNN, the difference is only at the final
layer: for the kernel-based tests it is a feature output; for classifiers, we add an extra linear
layer to logits.

We see from Figure 3.3 that our kernel-based test outperforms other benchmarks at a fixed
training set size ny.. One potential cause is that MMD has an “optimization” subroutine
(which it solves in closed form) as it is an IPM. This additional layer of optimization may lead
to better performance at small sample sizes. The thresholding trick does not seem to improve
power empirically. We omit several benchmarks from this figure for graphic presentation and
they do not exhibit good separating power; see the Appendix for the complete results. The
bottom plot of Figure 3.1 shows m and n on log-scale against the total probability of error,
exhibiting the simulation-experimentation trade-off.
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3.5.2 Higgs-Boson Discovery

The 2012 announcement of the Higgs boson’s
discovery by the ATLAS and CMS experi-
ments |1, 40] marked a significant milestone
in physics. The statistical problem inher-
ent in the experiment is well-modeled by
(mLFHT), using a signal rate § predicted by
theory and misspecification parameter R = 0
(as was assumed in the original discovery).
We consider our algorithm’s power against
past studies in the physics literature [14] as
measured by the significance of discovery.
We note an important distinction from Algo-
rithm 1 in this application.

Estimating the Significance In physics,
the threshold for claiming a “discovery” is
usually at a significance of 5o, correspond-
ing to a p-value of 2.87 x 10~7. Approxi-
mately e, ~ (2.87)7! x 107 samples would
be necessary for Algorithm 1 to reach such
a precision. Fortunately the distribution of

MMD-M with top
-:A- SCHE with t,p

Significance of discovery/o

T
Q
~N
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T
<
—

0.4 4
2.6 4

Figure 3.4: Expected significance of discovery on a
mixture of 1000 backgrounds and 100 signals in the
Higgs experiment. Shaded area shows the standard
deviation over 10 independent runs. See Appendix
for full plot including missing benchmarks.

the test statistic is approximated by a Gaus-
sian customarily. We adopt this approach
for our experiment hereby assuming that m is large enough for the CLT to apply. We use
the “expected significance of discovery” as our metric [14] which, for the additive statistic

Ty = L3 f(Z), is given by Mf;gc:})(Xchlgjjcal)). If the thresholding trick (Section 3.4.3) is
applied we use the more precise Binomial tail, in which case the significance is estimated by

—&~1(P(Bin(m, T}, (x<h) > T}, (Z))), where ® is the standard normal CDEF.

Newtowk Architecture The architecture is a 6-layer feedforward net similar for all
tests (kernel-based and classifiers) except for the last layer. We leave further details to the
Appendix.

As can be seen in Figure 3.4, Scheffé’s test and MMD-M with threshold ¢qp: are the best
methods, achieving similar performance as the algorithm of [14]; reaching the significance
level of 50 on 2.6 million simulated datapoints and a test sample made up of a mixture of 1000
backgrounds and 100 signals. The top plot of Figure 3.1 shows m and n on log-scale against
the total probability of error through performing the test (3.2.4), exhibiting the asymmetric
simulation-experimentation trade-off.

3.6 Conclusion

In this paper, we introduced (mLFHT) as a theoretical model of real-world likelihood-free
signal detection problems arising in science. We proposed a kernel-based test statistic and
analyzed its minimax sample complexity, obtaining both upper (Theorem 3.3.1) and lower
bounds (Theorem 3.3.2) in terms of multiple problem parameters, and discussed their tightness
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(Section 3.3.3) and connections to prior work (Section 3.3.4). On the empirical side, we
described a method for training a parametrized kernel and proposed a consistent p-value
estimate (Algorithm 1 and Proposition 3.4.1). We examined the performance of our method
in two experiments and found that parametrized kernels achieve state-of-the-art performance
compared to relevant benchmarks from the literature. Moreover, we confirmed experimentally
the existence of the asymmetric simulation-experimentation trade-off (Figure 3.1) which is
suggested by minimax analysis. We defer further special cases of Theorem 3.3.1, all relevant
proofs and experimental details to the Appendix.
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Chapter 4

Minimax Optimal Testing via
Classification

This chapter is a reproduction of [74]|, which was published at The Thirty Sixth Annual
Conference on Learning Theory, and is joint work with Yanjun Han and Yury Polyanskiy.

4.1 Introduction

The rapid development of machine learning over the past three decades has had a profound
impact on many areas of science and technology. It has replaced or enhanced traditional
statistical procedures and automated feature extraction and prediction where in the past
human experts had to intervene manually. One example is the technique that has become
known as ‘classification accuracy testing (CAT). The idea, first explicitly described in [72],
is extremely simple. Consider the setting of two-sample testing: suppose the statistician has
samples X and Y of size n from two distributions Px and Py respectively on some space X,
and wishes to test the hypotheses

Hy:Px =Py Versus Hy : Py # Py. (TS)

The statistician has many classical methods at their disposal such as the Kolmogorov-Smirnov
or the Wilcoxon — Mann — Whitney test. Friedman’s idea was to use machine learning as a
powerful tool to summarize the data and subsequently apply a classical two-sample test to the
transformed data. More concretely, the proposal is to train a binary classifier C : X — {0,1}
on the labeled data U!,{(X;,0),(Y;,1)} and compare the samples C(X;),...,C(X,) and
C(Y1),...,C(Yy,).

Friedman’s idea to use classifiers to summarize data before applying classical statistical
analysis downstream can be generalized beyond two-sample testing (TS). Likelihood-free
inference (LFI), also known as simulation-based inference (SBI), has seen a flurry of interest
recently. In LFI, the scientist has a dataset Z1,..., 72, S Py« and is given access to a black
box simulator which given a parameter 6 produces a random variable with distribution
Py. The goal is to do inference on 6*. The key aspect of the problem, lending the name
‘likelihood-free’, is that the scientist doesn’t know the inner workings of the simulator. In
particular its output is not necessarily differentiable with respect to 6 and the density of
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Py cannot be evaluated even up to normalization. This setting arises in numerous areas of
science where highly complex, mechanistic, stochastic simulators are used such as climate
modeling, particle physics, phylogenetics and epidemiology to name a few, and its importance
was realized as early as [66]. In this paper we study the problem of likelihood-free hypothesis
testing (LFHT) proposed recently in [77] as a simplified model of likelihood-free inference.
Compared to two-sample testing, here in addition to the dataset Z of size m, we have two
simulated‘ samples X, Y of size n each from Py and Py respectively. The goal is to test the
hypotheses

¢

Hy: Z; ~ Py Versus H,:Z;, ~Py. (LFHT)

It is important that apriori Px and Py are only known to belong to a certain ambient (usually
non-parametric) class. This stands in contrast with the earliest appearances of (LFHT) in
[212, 90|, where authors studied the rate of decay of the type-I and type-II error probabilities
for fixed Py, Py.

In the context of (LFHT) the idea of Friedman materializes as follows. First, train a classifier
C: X — {0,1} to distinguish between Px and Py and second, compare the transformed
dataset {C(Z;))}72, to {C(X;)}io, and {C(Yi)}7,. The second step compares iid samples of
Bernoulli random variables (provided C is trained on held out data), thus any reasonable test
simply thresholds the number of Z; classified as 1, namely the test is of the form

iZC(Zj> > (4.1.1)

for some v € [0,1]. The idea to classify Z as coming from either Px or Py based on the
empirical mass on some separating set S = C~!'({1}) &~ {dPy/dPx > 1} has been attributed
to Scheffé in folklore |60, Section 6]. To illustrate the genuine importance of these ideas, we
draw on the famous Higgs boson discovery. In 2012 [40, 5] at the Large Hadron Collider
(LHC) a team of physicists announced that they observed the Higgs boson, an elementary
particle theorized to exist in 1964. It is regarded as the crowning achievement of the LHC, the
most expensive instrument ever built. They achieved this feat via likelihood-free inference,
using the ideas of classification accuracy testing/Scheffé’s test in particular. As part of
their analysis pipeline they trained a boosted decision tree classifier on simulated data and
thresholded counts of observations falling in the classification region.

This work was initiated as an attempt to understand the theoretical properties of classifier-
accuracy testing, motivated by the clear practical interest in these questions. Our intuition
told us that restricting the classifier to have binary output might throw away too much
statistical power. In regions with large (small) density ratio, the binary output ought to loose
useful information about the (un)certainty of the classifier output. The Neyman-Pearson
Lemma phrases this succinctly: the optimal classifier aggregates the log density ratio, while
heuristically Scheffé’s test aggregates indicators that the log density ratio exceeds some
threshold. The operational implication of this would be to train probabilistic classifiers
C : X — R approximating the log density ratio, and to aggregate this R-valued output instead
of the binary output. However, our results show that this is not necessary for optimality, at
least in the minimax sense.
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4.1.1 Informal description of the results

We study the problems of goodness-of-fit testing, two-sample testing and likelihood-free
hypothesis testing in a minimax framework (see Section 4.2.1 for precise definitions). Namely,
given a family of probability distributions P, we study the minimum number of observations
n (and m for LFHT) that are required to perform the test with error probability less than
d € (0,1/2) in the worst case over the distributions Px and Py. We show for multiple natural
classes P that there exist minimax optimal (with some restrictions) classification accuracy
tests.

Let us clarify what we mean by ‘classification-accuracy’ tests for goodness-of-fit testing
(GoF) and the problems TS and LFHT. Suppose we have a sample X of size 2n from the
unknown distribution Px. We also have a second sample Y of size 2n from Py € P which
corresponds to the known null distribution in the case of GoF and is unknown in the case of
TS,LFHT. Finally, for LFHT we have an additional sample Z of size 2m from Pz € {Px, Py}.
Write Dy, =: {X™, Y™, Z"} for the first halves of each sample and Dy =: { X, Y, Z*} for the
rest. We train a classifier C : X — {0, 1} on the input D, that aims to assign 1 to Px and 0 to
Py. Going forward, it will be easier to think of C in terms of the ‘separating set’ S =: C~1({1}).
Thus, S is a random subset of X whose randomness comes from D, and potentially an

external seed. Given two datasets {A;}¢_;, {B;}%_,, we define the classifier-accuracy statistic

a

To(A, B) = %ZIL{A,» €5} — %Z]L{Bj € S). (4.1.2)

i=1

The name ‘classifier-accuracy’ is given due to the fact that Tg(X® Y*) + 1 is equal to the
sum of the fraction of correctly classified test instances under the two classes. Finally, we
say a test is a classifier-accuracy test if its output is obtained by thresholding |T’s| for some
classifier C = 14 on the test data Di..

Theorem 4.1.1 (informal). There exist classifier-accuracy tests with minimaz (near-)optimal
sample complexity for all problems GoF, TS, LFHT and multiple classes of distributions P.

4.1.2 Proof sketch

The bulk of the technical difficulty lies in finding a good separating set S C X. But how do
we measure the quality of S7 Define the “separation” sep(S) =: Px(S) — Py(.S), and the “size”
7(S) = min{Px(S)Px(S5°), Py (S)Py(S¢)}. The following lemma describes the performance
of classifier-accuracy tests (4.1.2) in terms of sep and 7.

Lemma 4.1.2. Consider the hypothesis testing problem Hy : p = q versus an arbitrary
alternative Hy. Suppose that the learner has constructed a separating set S such that | sep(S)| =
Ip(S) — q(S)| = sep for every (p,q) € Hi, and 7(S) = (p(S)(1 —p(S)) A (¢(S)(1 —q(5))) <7
for every (p,q) € HyU Hy. Then using only the knowledge of T, the classifier-accuracy test
(4.1.2) with n test samples from both p and q and an appropriate threshold achieves type-I
and type-1I errors at most ¢, provided that

nsz(lJri)

sep sep
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for a large enough universal constant ¢ > 0.

With Lemma 4.1.2 in hand it is clear how we need to design S. It should satisfy
’ sep(S)| is big under Hy, and 7(95) is small under both Hy and H, (4.1.3)

with probability 1 —d. The latter condition, namely that 7 is small i.e. C = 14 is imbalanced,
may seem unintuitive as given any two (sufficiently regular) probability distributions there
always exists a balanced classifier whose separation is optimal up to constant.

Proposition 4.1.3. Let P, Q be two distributions on a generic probability space (X, F). Then
TV(P,Q) < 2sup{P(C(X) =0) — Q(C(X) = 0) : P(C(X) =0) = Q(C(X) = 1)},
where C : X — {0,1} is a possibly randomized classifier. Here the constant 2 is tight.

Despite Proposition 4.1.3, we find that choosing a highly imbalanced classifier C is crucial
in obtaining the minimax sample complexity in some classes. This has interesting implications
for practical classifier-accuracy testing. Indeed, classifiers are commonly trained to minimize
some proxy of misclassification error; however, the above heuristics show that this is not
necessarily optimal, instead one should seek imbalanced classifiers with large separation.
Another way to phrase it is that when training a classifier for testing one should have the
downstream task in mind, namely, maximizing the power of the resulting test, and not
classification accuracy.

4.1.3 Prior work and contribution

The problem of two-sample (TS) testing (aka closeness testing) and the related problem of
goodness-of-fit (GoF) testing (aka identity testing) has a long history in both statistics and
computer science. We only mention a small subset of the literature, directly relevant to our
work. In seminal works Ingster studied (GoF) for the Gaussian sequence model [112, 113|
and for smooth densities [110] in one dimension. Extensions to multiple dimensions and (TS)
can be found in works such as [139, 10]. For discrete distributions on a large alphabet the
two problems appeared first in [81, 20|, see also [39, 199] and the survey [36]. Recent work
[63, 62] has focused on GoF and TS with vanishing error probability.

The problem of likelihood-free hypothesis testing appeared first in the works [212, 90], who
studied the asymptotic setting. Minimax likelihood-free hypothesis testing (LFHT) was first
studied by the information theory community in [123, 124| for a restricted class of discrete
distributions on a large alphabet, with a strengthening by [102] to vanishing error probability
(in some regimes). More recently, the problem was proposed in [77] as a simplified model
of likelihood-free inference, and authors derived minimax optimal sample complexities for
constant error in the settings studied in the present paper.

The idea of using classifiers for two-sample testing was proposed in [72] and has seen
a flurry of interest [83, 144, 126, 94]. In likelihood-free inference the output of classifiers
can be used as summary statistics for Approximate Bayesian Computation [117, 91| or to
approximate density ratios [51] via the ’likelihood-ratio trick’. A classifier with binary {0, 1}
output was used in the discovery of the Higgs boson [40, 5] to determine the detection region.
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Our work is the first to study the non-asymptotic properties of classifier-based tests in any
setting and we find that classifier-accuracy tests are minimax optimal for a wide range of
problems. As a consequence of our results we resolve the minimax high probability sample
complexity of LFHT over all classes studied, and also obtain new, tight results on high
probability GoF and TS.

4.1.4 Structure

In Sections 4.2.1 and 4.2.1 we define the statistical problems and distribution classes we
study. In Tables 4.1 and 4.2 we present all sample complexity results, and in Section 4.2.2 we
indicate how to derive them. Sections 4.3.1, 4.3.2 and 4.3.3 study the problem of learning
good separating sets for discrete and smooth distributions and the Gaussian sequence model
respectively. The appendix contains all proofs omitted from the main text, including all lower
bounds in Appendix C.4.

4.2 Results

4.2.1 Technical preliminaries

Two-sample, goodness-of-fit and likelihood-free hypothesis testing

Formally, we define a hypothesis as a set of probability measures. Given two hypotheses
Hy and H; consisting of distributions on some measurable space X', we say that a function
W X — {0,1} tests the two hypotheses against each other with error at most § € (0,1/2) if

max max Pg_p(1(S5) # i) < 4. (4.2.1)

1=0,1 PeH,

Throughout the remainder of this section let P be a class of probability distributions on
X. Suppose we observe independent samples X ~ PY" Y ~ PY" and Z ~ P$™ whose
distributions Px, Py, Pz € P are unknown to us. We now define the problems at the center
of our work.

Definition 6. Given a known Py € P, goodness-of-fit testing is the comparison of
Hy:Px =P, VErsus Hy : TV(Px,Pg) > ¢ (GoF)

based on the sample X. Write ncor(€, 9, P) for the smallest number such that for all n > nts
there exists a function ¢ : X™ — {0, 1} which given X as input tests between Hy and Hy with
error probability at most 0, for arbitrary Px,Py € P.

Definition 7. Two-sample testing is the comparison of
Hy : Px =Py versus Hy : TV(Px,Py) > ¢ (TS)

based on the samples X,Y . Write nys(e,d,P) for the smallest number such that for all
n > nts there exists a function ¢ : X™ x X™ — {0, 1} which given X, Y as input tests between
Hy and Hy with error probability at most d, for arbitrary Px,Py € P.
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Definition 8. Likelithood-free hypothesis testing is the comparison of
Hy: Pz =Py versus H,: Pz =Py (LF)

based on the samples XY, Z. Write Rig(e,0,P) C R? for the maximal set such that for
all (n,m) € N? with n > x,m > y for some (x,y) € R, there exists a function i :
X" x X" x X™ — {0, 1} which given XY, Z as input, successfully tests Hy against Hy with
error probability at most §, provided TV (Px,Py) > € and Px, Py € P.

Classes of distributions

We consider the following nonparametric families of distributions.
Smooth density. Let C(3,d,C) denote the set of functions f : [0,1]% — R that are
[ — 1]-times differentiable and satisfy

(o) — f(o)
[/lle, = max ( max  |f e, sp ) ﬁfm(f{)'> <c
0<a|<[B—-1] e#yel0,1]4|a|=18-11 ||z — |5
where [ — 1] denotes the largest integer strictly smaller than § and |a| = Zle a; for the
multiindex a € N¢. We write Py (3, d, Cy) for the class of distributions with Lebesgue-densities
in C(8,d,Ch).
Distributions on a finite alphabet. For £ € N, let

Pp (k) =: {all distributions on the finite alphabet [k]},
Pob(k, Cob) =: {p € Po(k) : [[pllc < Cob/k},

where Cpp, > 1 is a constant. In other words, Ppy, are those discrete distributions that are
bounded by a constant multiple of the uniform distribution.

Gaussian sequence model on the Sobolev ellipsoid. Define the Sobolev ellipsoid
&(s,0) of smoothness s > 0 and size C' > 0 as {§ € RN : 377, 507 < C'}. For § € R™ let
po = @2,N(0;,1), and define our second class as

Pe(s,Cg) = {pg : 0 € E(s,Cq)} -

To briefly motivate the study of Pg, consider the classical Gaussian white noise model. Here
we have iid observations of the stochastic process

dY, = f(t)dt +dW,, t € [0,1],

where (I;);>0 denotes Brownian motion and f € L?[0, 1] is unknown. Suppose now that
{¢;}i>1 forms an orthonormal basis for L?[0, 1] and given an observation Y define the values

Notice that ¢ ~ N(0,1) and that Ele;e;] = 1;,—;. In other words, the sequence {y;}i>1
is an observation from the distribution py. Consider the particular case of ¢; = 1 and
bor = V/2c0s(2mkx), pory1 = V2sin(27kax) for k > 1 and assume that f satisfies periodic
boundary conditions. Then 6 denotes the Fourier coefficients of f and the condition that
> o021 5%°07 < C'is equivalent to an upper bound on the order (s, 2)-Sobolev norm of f, see
e.g. Proposition 1.14 of [198]. In other words, by studying the class Pg we can deduce results
for signal detection in Gaussian white noise, where the signal has bounded Sobolev norm.
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Table 4.1: Minimax sample complexity of testing (up to constant factors) over Py, Pg, Ppb-

NGoF nrs RiF

PDb(k) \/Iclog(l/é) + log(;/é) NGoF m > k’gi# and n > neor and nm > n%oF

€ €
log(1/8) | log(1/68 log(1/6
Pu(B,d) Qémd/g)/s + Ogiz/ V| nger | m > % and n > ngor and nm > nZ ¢
log(1/96) log(1/6 log(1/6
Pa(s) E\és+1/2)/s + Og(EQ/ ) NGer | M > Og(e2/ ) and n > neor and nm > n ¢

Table 4.2: Minimax sample complexity of testing (up to constant factors) over Pp.

nGor(Pb) nts(Pp) Rir(Pp)
n>m mzwandanEkn%oF
(OPT) ngor (Pob) 62 )
. o (1) (k2 log(é)>% (OPT) mn* > kngor and n > neor
= 4 4 2
€ € m>n i Zk’l’b%o T€~7é~
(CAT) ncor (ﬁ, %,Pob) (CAT) log (%) F (Lg(k) k)
and n 2 nGoF( I();(k)’ %)
oa(L
k< - ge(j) nGoF (Pob) ncor (Pob) m > 80/ and n > neor and nm > nge

4.2.2 Minimax sample complexity of classifier-accuracy tests

In Tables 4.1 and 4.2 we present our and prior results on the minimax sample complexity of
GoF, TS and LFHT; here

e unmarked entries denote minimax optimal results achievable by a classifier-accuracy
test;

e cntries marked with (OPT) denote minimax optimal results that are not known to be
achievable by any classifier-accuracy test;

e entries marked with (CAT) denote the best known result using a classifier-accuracy test.

In the constant error regime (6 = ©(1)) the results of Tables 4.1 and 4.2 are well known;
for instance, the sample complexities of GoF, TS, and LFHT under Pp were characterized in
[162, 25, 77|, respectively’. Less is known under the high-probability regime (6 = o(1)): for
Pb, neor was characterized in [103, 63] for uniformity testing, with the general case following
from the flattening reduction [64]; nts was characterized in [62]. For Rig, the k > n case
for Ppy, is resolved by [102], and the achievability direction of the case m > n of Ri¢ for Pp
can be deduced from [62]| via the natural reduction between TS and LFHT (see |77]). The

177] only resolved the minimax sample complexity of LFHT for Pp up to log(k)-factors in some regimes.
However, by combining the classifier accuracy tests of this paper for m < n and the reduction to two-sample
testing with unequal sample size [25, 62] for m > n these gaps are filled.

112



remaining upper bounds are achievable by the classifier-accuracy tests below, and the proofs
of all lower bounds are deferred to Appendix C.4.

As for the efficacy of classifier-accuracy tests, the upper bounds in Tables 4.1 and 4.2
follow from the combination of Lemma 4.1.2 and the following results:

e Ppp : see Corollary 4.3.4;
e Py : see Section 4.3.2 and Corollary 4.3.4;
e Pg : see Proposition 4.3.8;

e Pp : for GoF, see Proposition 4.3.1 if k < log(1/d)/€*, and Proposition 4.3.6 otherwise;
for TS, see Proposition 4.3.1; for LFHT, see Proposition 4.3.1 if n > k A m, and Section
4.3.1 and Proposition 4.3.6 otherwise.

4.3 Learning separating sets

In this section, we construct the separating sets S used in the classifier-accuracy test (4.1.2).
Section 4.3.1 is devoted to discrete distribution models Ppp, and Pp, where we need a delicate
tradeoff between the expected separation and the size of S. A similar construction in the
Gaussian sequence model Pg is presented in Section 4.3.3.

4.3.1 The discrete case

Given two iid samples X, Y of sizes Nx, Ny “ Poi(n) from unknown discrete distributions
p = (p1,...,0k),q = (q1,-..,q) over a finite alphabet [k] = {1,2,...,k}, can we learn
a set § C [k] using X,Y that separates p from ¢7? To measure the quality of a given
separating set A C [k]|, we define two quantities sep(A) =: p(A) — ¢(A) and 7(A) =:
min{p(A)p(A°), q(A)q(A%)}. Intuitively, the first quantity sep(A) measures the separation
of A, and the second quantity 7(A) measures the size of A. Recall that by Lemma 4.1.2, in
order to perform the classifier-accuracy test (4.1.2), we aim to find a separating set S such
that

| sep(9)| is large and 7(S) is small. (4.3.1)

The rest of this section is devoted to the construction of S satisfying (4.3.1), and we will
present our results on learning separating sets in order of increasing complexity.

Notation: for a random variable X we write 02(X) for the optimal sub-Gaussian variance
proxy of X. In other words, ¢?(X) is the smallest value such that Eexp(A\(X — EX)) <
exp(A\?0?(X)/2) holds for all A € R.

A natural separating set

Let {X;,Y;}ic) be the empirical frequencies of each bin i € [k]| in our samples XY, i.e.
nX; ~ Poi(np;) and nY; ~ Poi(ng;). A natural separating set is the following:

S’l/zzz{i:Xi>}§orXi:Y;andCizl},
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where C1,Cs ... Cy are iid Ber(1/2) random variables. We use the subscript “1/2” to illustrate
our tie-breaking rule: when X; =Y}, the symbol i is added to the set with probability 1/2.
Our first result concerns the separating power of the above set.

Proposition 4.3.1. Suppose p,q € Pp(k) with TV(p,q) > €. There exists a universal
constant ¢ > 0 such that

A n n 1
P (sep(Sl/z) > C€2 (g/\ \/%/\ E)) >1 —5,

provided n > tnvs(e, 8, Pp(k)).

Together with the trivial upper bound T(Sl/g) < 1/4, Proposition 4.3.1 and Lemma 4.1.2
imply that using Sy /2 achieves the minimax sample complexity for the following problems:

e GoF in Ppy, and Pp as long as k = O(log(1/0)/€*);
e TS in Ppy, as long as k = O(log(1/§)/et), and in Pp for all (k,¢,d);
e LFHT in Ppy, as long as k = O(log(1/§)/e*), and in Pp as long as n > m.

However, in the remaining regimes the above test could be strictly sub-optimal. This
failure comes down to two issues. First, Proposition 4.3.1 requires n 2 nts(e€, d, Pp(k)) in
order to find a good separating set, which can be sub-optimal when the optimal sample
complexity for the original testing problem is only n 2 ngor(€, 9, Pp(k)). Second, the quantity
(S, /2) is ©(1) in the general case because the tie-breaking rule adds too many symbols to
the set. These issues will be addressed separately in the next two sections.

The “better of two” separating sets

This section aims to find a separating set S with essentially the same separation as S, /2 In

~

Proposition 4.3.1, but with a smaller 7(S). The central idea is to use a different tie-breaking
rule from Sy /5. Given a subset D C [k], we define the imbalanced separating sets

S.(D)={ieD:X; >V},

N

S (D)={ieD:X; <Y}

In other words, in both §> and S<, we do not include the symbols with X; = Y} in the
separating set. Consequently, ]S>(D)| V |5'< (D)| is upper bounded by the sample size; if
in addition ¢; is bounded from above uniformly over ¢ € D, this will yield good control
of 7 for both separating sets S5 (D) and S.(D). In particular, 7(S~(D)) V 7(S<(D)) =
O(1 A (nmax;ep ¢;)).

Next we aim to show that the above sets achieve good separation. However, there is a
subtlety here: removing the ties from S, s2 may no longer guarantee the desired separation,
as illustrated in the following proposition.
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Proposition 4.3.2. Consider the distributions p,q on [3k] with p; = 1{i < k}/(2k) + 1{i >
k}/(4k) and q; = 1{i < k}/k. Then, for n < 0.6k,

E sep(S- ([3k])) < 0.

Proposition 4.3.2 shows that sticking to only one set S. or S. fails to give the same
separation guarantees as Proposition 4.3.1. A priori it may seem that §> is designed to
capture elements of the support where p is greater than ¢, but it fails to do so spectacularly.
An intuitive explanation of this phenomenon is as follows. Since the probability of each bin
is small (< 1/k) under both p and ¢, in the small n regime? can expect that (a) each bin
appears either once or not at all and (b) there is no overlap between the observed bins in
sample X and Y. In this heuristic picture, the set S is simply the set of observed bins in the
X-sample. Each X-sample falling in the first k£ bins contributes —i to the separation, while
each X-sample in the last 2k bins contributes only —i—ﬁ to the separation. Since p puts mass
1/2 on both the first k& and last 2k bins, there is an equal number of n/2 observations in each
part and the overall separation is < —g. Similar results can be proved for ,§< with p, q as
above but swapped, and also for modified p, ¢ separated by smaller € in TV for any € € (0,1).

Motivated by the above discussion, in the sequel we consider the sets S>,S< jointly.
Specifically, the next proposition shows that at least one of the sets S> and S< have a good
separation.

Proposition 4.3.3. There exists a universal constant ¢ > 0 such that for any D C [k] and
probability mass functions p,q, it holds that

E |sep(S- (D)) — sep(S - qil,
- ] ; Vn pquZ

yZi +qz
- C_Iz'|2-

o*(sep(55(D))) + 0*(sep(S<

ZED

Based on Proposition 4.3.3, our final separating set is chosen from these two options, based
on evaluation on held out data. As for the choice of D, in this section we choose D = [k].
The following corollary summarizes the performance of this choice under Ppyp.

Corollary 4.3.4. Suppose p,q € Poy(k, O(1)) with TV(p,q) > €. There exists a universal
constant ¢ > 0 such that using the samples X,Y we can find a set S C [k] which, with
probability 1 — 0, satisfies

oS

1 n o n N 1 n
2 — — — — —
> ce <€ A p A k) and  7(5) < . (1 A ) , (4.3.2)

provided n > %nGoF(E, d, Pob(k, O(1))).

By Corollary 4.3.4 and Lemma 4.1.2, using the above set S achieves the minimax sample
complexity for all problems GoF, TS, and LFHT and all parameters (k,¢,0) under Ppy.

2Technically, to satisfy the stated conditions we would require n < vk, but the described event captures
dominant effects even for larger vk < n < k.
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However, under Pp, the performance of S is no better than that of S; /2. This is because
a good control of T(S’>([k])) requires a bounded probability mass function; in other words,
choosing D = [k] is not optimal for finding the best separating set under Pp. In the next
section, we address this issue by choosing D to be one of O(log k) subsets of [£].

The “best of O(log k)" separating sets

This section is devoted to the two missing regimes m > n for LFHT over Pp and k 2
log(1/4)/e* for GoF over Pp (cf. discussion after Proposition 4.1.3 and Corollary 4.3.4).
For the former, recall that the classifier-accuracy test based on S, /2 achieves the sample
complexity

k+/log(1/4)

If n 2 k then (4.3.3) is the same as n 2 ngor; if m/log(1/6) < n then (4.3.3) is implied by

n 2 NeoF + kl%(lf), which is optimal within an O(log'/?(1/4)) factor (cf. Table 4.2). In our

application to GoF we take m = oo, and the missing regime k > log(1/4d)/e* corresponds
precisely to ngor S k. Summarizing, in the remainder of this section we may assume that
kA (m/log(1/6)) 2 n

Let t = k A (com/log(1/0)), where ¢y > 0 is a small absolute constant. By the previous
paragraph, we assume without loss of generality that ¢ > n. For ¢ = [log,(t/n)] > 1, define
the following ¢ + 2 subsets of [k]:

1 2i=1 97 2t
Do:{z':q?s;}, D]:{' ive (% ,7]}forje[e], Dm:{' ql>7}

Here ¢ denotes the empirical pmf of m/2 held out samples drawn from ¢ (for GoF, one can
understand ¢Y = ¢; for the distribution ¢ is known). The motivation behind the above choices
is the “localization” of each ¢, as shown in the following lemma.

n 2 neor (€, 0, Pp) + (4.3.3)

Lemma 4.3.5. For a small enough universal constant co > 0, with probability at least 1 — ko
it holds that for each i € [k]:

1. if ¢ € Dy, then q; < 2/t;
2. 1if ¢) € D; for some j € [{], then q; € (2972 /t, 27 /t];
3. if @7 € Dyyq, then ¢ > 2571/t

Lemma 4.3.5 ensures that with high probability, the distribution ¢ restricted to each set
D; is near-uniform. This is similar in spirit to the idea of flattening used in distribution
testing [64]. The proof of Lemma 4.3.5 directly follows from the Poisson concentration in
Lemma C.1.3 and is thus omitted.

Our main result of this section is the next proposition, which shows that there exist
some j € {0,1,--- , ¢+ 1} and SC D, such that S is a near- optimal separating set within
logarithmic factors
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Proposition 4.3.6. Suppose p,q € Pp(k) with TV(p,q) > €, and X,Y are n iid samples
drawn from p,q respectively. There exists a universal constant ¢ > 0 such that using the
samples X,Y, we can find some j € {0,1,--- £+1} and a set SC D; which, with probability
1 — O(kd), satisfies

Zc(%)Q{n/k =0 } and 7(S) < n_2j

‘Sep(g) n//Ek2  ifj € [0+ 1]

provided that
m 1

A—2 > 2
"IN ogtijann = o eer

6/87 67 PD)

By Proposition 4.3.6 and Lemma 4.1.2, using the above set S leads to the following sample
complexity guarantee for the problems GoF and LFHT:

e for GoF under Pp, it succeeds with n = ©(ngor(€/¢,0/k, Pp)) observations, which is
within a multiplicative O(log@(l)(kz)) factor of the minimax optimal sample complexity
in the missing k& > log(1/d)/€* regime;

e for LFHT under Pp and m > n, it succeeds with n = O(ngor(€/¢,d/k, Pp)+\/klog(k/Jd)/m)
observations, which is within a multiplicative O(log®"(k)log(k/)) factor of the mini-
max optimal sample complexity in the missing n < m A k.

Therefore, classifier-accuracy tests always lead to near-optimal sample complexities for all
GoF, TS, and LFHT problems under both Pp, and Pp, within polylogarithmic factors in
(k,1/6). We leave the removal of extra logarithmic factors for classifier-accuracy tests as an
open problem.

4.3.2 The smooth density case

We briefly explain how Corollary 4.3.4 can be used to learn separating sets between distri-
butions in the class Py of 3-Holder smooth distributions on [0, 1]%. The reduction relies on
an approximation result due to Ingster [110, 113], see also [10, Lemma 7.2]. Let P, be the
L%-projection onto piecewise constant functions on the regular grid on [0, 1]¢ with r¢ cells.

Lemma 4.3.7. There exist constants ¢, ¢ independent of r such that for any f € Pu(B,d, Cp),

HPTfH2 > CleHQ — 027"7'8.

For simplicity write f, g for the Lebesgue densities of Px, Py € Py. Suppose TV (Px, Py) =
2 f = glli = €. By Jensen’s inequality and Lemma 4.3.7, € < || P.(f — g) || for r < e7'/#. The
key observation is that P, f is essentially the probability mass function of the distribution Px
when binned on the regular grid with r¢ cells. We can now directly apply the results for Ppy
(Corollary 4.3.4) with alphabet size k =< ¢~%# which combined with Lemma 4.1.2 leads to
the sample complexity guarantees in Table 4.1 for the smooth density class Py in all three
problems GoF, TS and LFHT.
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4.3.3 The Gaussian case

Suppose we have two samples X, Y of size n from ®;’i1/\/’ (HJX , 1) =: ppx and pgv respectively,
where 6% 0¥ have Sobolev norm [|0||? =: >, 035%° bounded by a constant. In addition,

TV (pgx, pgv) > € > 0. We use 6% and 6" to denote the empirical mean vector from samples
X and Y, respectively.
The separating set is constructed as follows:

S={ZeRVN:T(Z)>0},

where T'(Z) = 2 ijl(éjx - éjy)(Zj - (éjx + éjy)/2) for some J € N to be specified. This is
simply a truncated version of the likelihood-ratio test between p15x and ji5y, where we set all
but the first J coordinates of §% and 6¥ to zero. The performance of the separating set is
summarized in the next proposition.

Proposition 4.3.8. There exists universal constants c,c such that when J = |ce~'/*] the
inequality

N A 1
P (M@X(S) — pgv (S) > ¢ (\/ nel/s A —) 62) >1-9
€
holds, provided n 2, Snrs(e, 8, Pg).

Applying Proposition 4.3.8 and Lemma 4.1.2 with the trivial bound 7(5) < 1/4 leads to
the sample complexity guarantees in Table 4.1 for the Gaussian sequence model class Pg in

all three problems GoF, TS and LFHT.
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Chapter 5

Density Estimation Using the Perceptron

This chapter is a reproduction of [75], which is joint work with Tianze Jiang, Yury Polyanskiy
and Rui Sun.

5.1 Introduction

A standard step in many machine learning algorithms is to replace an (intractable) opti-
mization over a general function space with an optimization over a large parametric class
(most often neural networks). This is done in supervised learning for fitting classifiers, in
variational inference [29, 207] for applying ELBO, in variational autoencoders [127] for fitting
the decoder, in Generative Adversarial Networks (GANs) [84, 11] for fitting the discriminator,
in diffusion models [184, 41| for fitting the score function, and many other settings.

To be specific, let us focus on the example of GANs, which brought about the new era
of density estimation in high-dimensional spaces. The problem setting is the following. We
are given access to an i.i.d. data Xi,..., X, € R? sampled from an unknown distribution
v and a class of distributions G on R? (the class of available “generators”). The goal of
the learner is to find arg min,,.g D(v/,v), where D is some dissimilarity measure (“metric”)
between probability distributions. In the case of GANs this measure is the Jensen-Shannon
divergence JS(p, q) = KL(p||3p + 2¢) + KL(q||$p + 1¢) where KL(p|q) = [ p(z)log %dz is
the Kullback-Leibler divergence. As any f-divergence, JS has a variational form [see 168,
Example 7.5]: JS(p, q) = log 2 + supj,ra_,(o.1) Ep[] + E4[log(1 — h)]. With this idea in mind,
we can now restate the objective of minimizing JS(v/, v) as a game between a “generator” v/
and a “discriminator” h, i.e., the GAN’s estimator is

n

1
p€argmin  sup  —» A(X;)+E,flog(1 - h)], (5.1.1)
v hRI—(0,1) VT

where we also replaced the expectation over (the unknown) v with its empirical version
Vp =: % > 0x,. Subsequently, the idea was extended to other types of metrics, notably the
Wasserstein-GAN [11], which defines

1 n
v € argminsup Ey., f(Y) — =Y f(X5)|, (5.1.2)
v'eG  feD n =
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where the set of discriminators D is a class of Lipschitz functions (corresponding to the
variational characterization of the Wasserstein-1 distance).

The final step to turn (5.1.1) or (5.1.2) into an algorithm is to relax the domain of the inner
maximization (“discriminator”) to a parametric class of neural network discriminators D. Note
that replacing supy,ga_, (1) With sup,cp effectively changes the objective from minimizing the
JS divergence to minimizing a “neural-JS”, similar to how MINE [23] replaces the true mutual
information with a “neural” one. This weakening is quite worrisome for a statistician. While
the JS divergence is a strong statistical distance, as it bounds total variation from above and
from below [168, Eq. (7.39)], the “neural-JS” is unlikely to possess any such properties.

How does one justify this restriction to a simpler class D? A practitioner would say that
while taking maxjcp restricts the power of the discriminator, the design of D is fine-tuned
to picking up those features of the distributions that are relevant to the human eye.! A
theoretician, instead, would appeal to universal approximation results about neural networks
to claim that restriction to D is almost lossless.

The purpose of this paper is to suggest, and prove, a third explanation: the answer is in
the reqularity of v itself. Indeed, we show that the restriction of discriminators to a very
small class D in (5.1.1) results in almost no loss of minimax statistical guarantees, even if D
is far from being a universal approximator. That is, the minimizing distribution 7 selected
with respect to a weak form of the distance enjoys almost minimax optimal guarantees with
respect to the strong total variation distance, provided that the true distribution v is regular
enough. Phrased yet another way, even though the “neural” distance is very coarse and
imprecise, and hence the minimizer selected with respect to it might be expected to only fool
very naive discriminators, in reality it turns out to fool any arbitrarily complex, but bounded
discriminator.

Let us proceed to a more formal statement of our results. One may consult Section 5.1.3
for notation. We primarily focus on two classes of distributions on R%: first, Pg(3,d,C)
denotes the set of distributions supported on the d-dimensional unit ball B(0, 1) that have a
density with finite L? norm and whose (3,2)-Sobolev norm, defined in (5.1.7), is bounded
by C'; second, Pg(d) = {u* N(0,1) : supp(u) € B(0,1)} is the class of Gaussian mixtures
with compactly supported mixing distribution. We remind the reader that the total variation
distance has the variational form TV(p, q) = sup,ra_(o,1] Epxh — E4h . Our first result concerns
the following class of discriminators:

Dy ={z+— 1{z"v>0b}:veR,bER},

the class of affine classifiers, which can be seen as a single layer perceptron with a threshold
non-linearity.

Theorem 5.1.1. For any 8 >0, d > 1 and C > 0, there exists a finite constant C; so that

sup ETV(r,v) < Clnfwfdﬂ : (5.1.3)
vePs(8,d,C)

Hmplying in other words, that whether or not total variation TV(7,v) is high is irrelevant as long as the
generated images look “good enough” to humans.
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where the estimator v is defined in (5.1.2) with D = Dy and G = Ps(B,d,C). Similarly, for
any d > 1 there exists a finite constant Cy so that

2d+2

| 2d+2
sup ETV(7,v) < CQM :
vePe(d) Vn

where the estimator v is defined in (5.1.2) with D = Dy and G = Pg(d).

Recall the classical result [107] which shows that the minimax optimal estimation rate in
TV over the class Pg(3,d, C) equals n~%/ (4 up to constant factors. Thus, the estimator in
(5.1.3) is almost optimal, the only difference being that the dimension d is replaced by d + 1.
Similarly, for the Gaussian mixtures we reach the parametric rate up to a polylog factor.?

The proof of Theorem 5.1.1 relies on a comparison inequality between total variation and
the “perceptron discrepancy”, or maximum halfspace distance, which we define as

dr(p,v) = ﬁ;%’{E“f —E,f}.

Note first that dy < TV clearly holds since all functions in the class D; are bounded by
1. For the other direction, by proving a generalization of the Gagliardo-Nirenberg-Sobolev
inequality we derive the following comparisons.

Theorem 5.1.2. For any 8 >0, d > 1 and C > 0, there exists a finite constant C so that

28+d+1

TV(u,v)” 2 < Cidy(p,v) (5.1.4)

holds for all u,v € Ps(B,d,C). Similarly, for any d > 1 there exists a finite constant Cy such
that

d+1

1 ER —_—
) S CQdH<,u7 V)

(,u, I/) og ( TV(,LL, U)
holds for all M,V - JEG(d)

We remark that we also show (in Proposition 5.3.3) that the exponent % in (5.1.4) is
tight, i.e. cannot be improved in general.

With Theorem 5.1.2 in hand the proof of Theorem 5.1.1 is notably simple. For example,
let us prove (5.1.3) (for full details, see Section 5.4.2). Recall that X % 1. v, is the empirical
distribution and 7 = arg min,, cp, dg (V' v,). We then have from the triangle inequality and
minimality of 7:

@(17, v) < @(ﬁ, Un) +dy (v, v) < 2@(%, V).

Thus, from Theorem 5.1.2 we have

TV(i,v) < (2C1dg (v, v)) 7755 | (5.1.5)

2For estimation of Gaussian mixtures in total variation the precise value of the minimax optimal polylog
factor is at present unknown. However, for the Ly distance the minimax rate is known, and in the course
of our proofs (see (5.3.5)) we show that our estimator only loses a multiplicative factor of log(n)*/* in loss
compared to the optimal Lo-rate log(n)%/*/\/n derived in [125].
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Lastly, we recall that D; is a class with finite VC-dimension and thus from uniform convergence
(Theorem 8.3.23, [201]) we have for some dimension-dependent constant C' that

Edr ()] <

B

Thus, applying expectation and Jensen’s inequality to (5.1.5) we get
E[TV(7, )] < CEldy (v, v)7557] < CE[dy (v, )| 5475 < O 35t

as claimed.

While we believe that Theorem 5.1.1 provides theoretical proof for the efficacy of simple
discriminators, it has several serious theoretical and practical deficiencies that we now address.
First, the rate for the class Pg is not minimax optimal. In this regard, we show that by
replacing the perceptron class D; with a generalized perceptron

sz{x»—>|xTU—b|wT_l:UERd,bER}, v € (0,2)

and taking an average over D., instead of a supremum, we are able to achieve a total variation
rate of n=#/(#+d+7) thus coming arbitarily close to minimax optimality as v — 0. See
Theorem 5.4.1 for details.?

Second, from the implementation point of view, the density estimation algorithm behind
Theorem 5.1.1 is completely impractical. Indeed, finding the halfspace with maximal sep-
aration between even two empirical measures is a nonconvex, non-differentiable problem
and takes super-poly time in the dimension d assuming P # NP [89], and w(d‘”(e*l)) time for
e-optimal agnostic learning between two densities assuming either SIVP or gapSVP [197].

Even if we disregard the computational complexity, it is unclear how to find the exact
minimizer 7 of arg min,, dg (', v,). This concern is alleviated by the fact that any  satisfying
dy(D,v,) = O(y/d/n) will work withouth degrading our performance guarantee, and thus
only an approximate minimizer is needed. Taking this one step further, our proof proceeds
by replacing the perceptron discrepancy dy (defined with respect to the best perceptron)
with an average version dy defined in (5.2.2), for which the comparison in Theorem 5.1.2
still holds. Therefore, one does not even need to find an approximately optimal half-space, as
random half-spaces provide sufficient discriminatory power.

Somewhat unexpectedly, we discover that the average perceptron discrepancy dy exactly
equals Székely and Rizzo’s energy distance & (Definition 1, [190]), defined as

Ef(wv) SERIX Y| - X X[ =Y =Y], (X, X\ YVY)~pP@v*, (5.16)

where || - || is the usual Euclidean norm on R?. Thus, our Theorem 5.4.1 (with v = 1) shows
that minimizing min,, & (v, v,,) gives a density estimator with rates over Pg and P as given
in Theorem 5.1.1.

From the algorithmic point of view our message is the following. If one has access to
a parametric family of generators sampling from 14 for parameters 8 € RP, and if one can
compute Vy of the generator forward pass, e.g., via pushforward of a reference distribution
under a smooth transport map or neural network-based models [202, 147], then one can fit ¢
to the empirical sample v,, by running stochastic gradient descent steps:

3More precisely, within a polylog in n.
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e sample m samples from vy and form the empirical distribution v/
e compute the loss & (v),, ,) and backpropagate the gradient with respect to 0,
e update 6 < 6 — nVy& (v),, vy) for some step size 7.

Note that the computation of £;(v/,, v,) according to (5.1.6) requires O(n? + m?) steps and
is friendly to gradient evaluations.

5.1.1 Contributions

To summarize, our main contributions are as follows. We show that S-smooth distributions,
Gaussian mixtures and discrete distributions that are far apart in total variation distance
must possess a halfspace on which their mass is substantially different (Theorems 5.1.2, 5.3.2
and 5.3.5).

We apply the separation results to density estimation problems, showing that an ERM
density estimator nearly attains the minimax optimal density estimation rate with respect to
TV over the aforementioned distribution classes (Theorems 5.1.1, 5.4.1 and 5.4.4).

In Section 5.2 we show that the average halfspace separation distance dy is equal up to
constant to the energy distance & (Proposition 5.2.2), which has many equivalent expressions:
as a weighted L?-distance between characteristic functions (Proposition 5.2.3), as the sliced
Cramér-2 distance (Proposition 5.2.5), as an [IPM/MMD /energy distance (Section 5.2.3), and
as the L?-norm of the Riesz potential (Proposition 5.2.6).

We generalize the average halfspace distance dy to include an exponent v € (0,2),
corresponding to the generalized energy distance &,. Consequently, we discover that if
instead of thresholded linear features 1{v'z > b} we use the non-linearity |v'z — b|?,
smooth distributions and Gaussian mixtures can be separated even better (Theorem 5.3.2).
Combined with the fact that &,, similarly to dy, decays between population and sample
measures at the parametric rate (Lemma 5.2.4), the ERM for &, reduces the slack in the
density estimation rate, almost achieving minimax optimality. This result, combined with its
strong approximation properties, supports its use in modern generative models (e.g. |95, 84,
176, 172]).

Finally, Proposition 5.5.1 shows that recent work applying dy for two-sample testing is
sub-optimal over the class of smooth distributions in the minimax sense.

5.1.2 Related Work

In the statistics literature, an estimator of the form (5.1.2) appears in the famous work of
[206]. Instead of indicators of halfspaces, they consider the class of discriminators

Y. = {1{dy;/dv; > 1} : 1 <i,5 < N(¢,G)},

where 11, ..., Un(cg) forms a minimal e-TV covering of the class G and N(¢, G) is the so-called
covering number. Writing dy (i1, ') = sup;cy(Euf — Euf), it is not hard to prove that
ITV —dy| = O(¢) on G x G and that Edy (v,v,) < v/log N(e,,G)/n by a union bound coupled
with a binomial tail inequality. From here ETV(7,v) < /log N(€,G)/n + € follows by the
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triangle inequality (here v is defined as in (5.1.2) with D = ). Note that in contrast to
our perceptron discrepancy dy, Yatracos’ estimator attains the optimal rate on G = Psg,
corresponding to the choice € = ¢(n) =< n=A/(26+d),

The paper by [160] derives minimax density estimation guarantees for a class of diffusion
based estimators. Their result is similar to ours in that it obtains rigorous (near-)optimal
guarantees for a method that is a realistic model of what is currently done in practice.
However, their analysis relies crucially on the universal approximation property of neural
networks, as they must show that the true score function can be approximated to high
precision. This stands in contrast to the present paper: the discriminator class of halfspace
indicators that we study certainly does not have such a universal approximation property.
However, our analysis does require the generator network to be able to fit the data sufficiently
well.

Several other related works such as [181, 141| study the problem of minimax density
estimation over classical smoothness classes with respect to Integral Probability Metrics
(IPMs) dp(P,Q) =: sup;cp |[Epf —Eqf|. In particular, these works seek estimators o such that
dp(v,v) is small for some discriminator D. Note some crucial differences to our work: first,
we evaluate performance with respect to total variation in Theorem 5.1.1 which bears more
interest both theoretically and empirically; second, we restrict our attention to estimators v
attained by ERM which is more commonly used in practice.

A paper closer in spirit to ours is [12| whose authors study comparison inequalities between
the Wasserstein distance W and the IPM d,..;,, defined by the discriminator class D = {z —
Relu(z™v +b) : b, ||v|| < 1}. They show [12, Theorem 3.1| that \/k/dWi < dpery < W
for Gaussian distributions with mean in the unit ball, where  is an upper bound on their
condition numbers and d is the dimension. They obtain results for other distribution classes
(Gaussian mixtures, exponential families), but for each of these they use a different class of
discriminators that is adapted to the problem. In contrast, we mainly focus the discriminator
class Dy = {x +— 1{x"v > b} : |lv|]| < 1,b € R} and are able to derive novel comparisons to
TV for smooth distributions, Gaussian mixtures and discrete distributions. In addition, we
prove the (near)-optimality of our results (for smooth densities) and also derive nonparametric
estimation rates for the corresponding GAN density estimators.

Independent of this work, recent results by [161] investigate the halfspace separability of
distributions for the setting of two-sample testing. However, their focus was on the asymptotic
power of the test as the number of samples grows to infinity. Our lower bound construction
presented in Appendix D.4 proves that their proposed test is sub-optimal in the minimax
setting. See Section 5.5 for a more detailed discussion.

5.1.3 Notation

The symbols O, 0,0, Q, w follow the conventional “big-O" notation, and O, 6 hide polylog-
arithmic factors. We use <, 2 and =< throughout our calculations to hide multiplicative
constants that are irrelevant (depending on the context). Given a vector z € RY, we write
|z|| for its Euclidean norm and (x,y) =: a2y for the Euclidean inner product of x,y € R%.
The Gamma function is denoted by I'. We write B(z,r) = {y € R? : ||z —y| < r},

Sl = {z € R?: ||z|| = 1} and o for the unnormalized surface measure on S?~!. The surface
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area of a unit (d — 1)-sphere is also written as o(S9~!) = 27%2/T'(4). In particular, if X is a
random vector uniformly distributioned on S?~! then for any h we have

EI(X)] =~ [ Mo)doty).

The convolution between functions/measures is denoted by *. We write LP(R?) for the space

of (equivalence classes of) functions R? — C that satisfy || f||, = ( [zu | f(2)[Pdz) YP < 50. The
space of all probability distributions on R is denoted as P(R?). For a signed measure v we
write supp(v) for its support and M, (v) =: [ ||z||"d|v|(z) for its r’th absolute moment. Given
P,Q € P(R?) we write TV(P,Q) = supACRd[P(A) — Q(A)] for the total variation distance,
where the supremum is over all measurable sets.

Given a function f € L'(R?), define its Fourier transform as

Flw) = Flfl(w) = / e (o,

Given a finite signed measure v on R, define its Fourier transform as F[v = [hae€ —Hw@)dy ().
We extend the Fourier transform to L2(Rd) and tempered dlstrlbutlons in the standard man-
ner. Given f € L*(R?) and 8 > 0, define its homogenous Sobolev seminorm of order (3, 2)
as

1152 = /Rd o172 (w) oo (5.1.7)

Further, we define two specific classes of functions of interest as follows: Ps(8,d, C) is a set
of smooth densities while Py (d) is a set of all Gaussian mixtures with support in the unit
ball, formally

Ps(B,d,C) =: {un € P(R?) : supp() C B(0,1), pv has density p with [|p[|lz2 < C},
Pa(d) = {v* N(0,1,) : v € P(RY),supp(v) C B(0,1)}.

Assumption 3. Throughout the paper we assume that C in the definition of Ps(5,d,C) is
large enough relative to 5 and d, such that Ps(5,d,C/2) is non-empty.

5.1.4 Structure

The structure of the paper is as follows. In Section 5.2 we introduce the generalized energy
distance, the main object of our study. We show how it relates to the perceptron discrepancy
dy; and its relaxation dy; we record equivalent formulations of the generalized energy distance,
one of which is a novel “sliced-distance” form. In Section 5.3, we present our main technical
results on comparison inequalities between total variation and the energy distance. In
Section 5.4 we analyse the density estimator that minimizes the empirical energy distance,
and prove Theorem 5.1.1 and Theorem 5.1.2 in Section 5.4.2. In Section 5.5 we show that
the use of dy for two sample testing results in suboptimal performance. We conclude in
Section 5.6. All omitted proofs and auxiliary results are deferred to the Appendix.
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5.2 The Generalized Energy Distance

Given two probability distributions u, v on R? with finite v’th moment, the generalized energy
distance of order v € (0,2) between them is defined as

&) =E[2X =Y |" = |X = X' = [V =Y'|],  where (X, X, Y,Y") ~ u®2 @ %2,

(5.2.1)
As we alluded to in the introduction, the proof of Theorems 5.1.1 and 5.1.2 becomes possible
once we relax the supremum in the definition of dj; to an unnormalized average over halfspaces.
In Section 5.2.1 we discuss this relaxation in more detail and identify a connection to the
energy distance & defined above in (5.2.1). Motivated by this, we study the (generalized)
energy distance and give multiple equivalent characterizations of it from Section 5.2.1 to
Section 5.2.5.

5.2.1 From Perceptron Discrepancy to Energy Distance

Our first goal is to connect the study of dy to the study of £, with v = 1. To achieve this, we
introduce an intermediary, the “average” perceptron discrepancy dg. Given two probability
distributions p, v on R, we define

(1, 1) = \/ / " /bER < /WM du(z) —dl/(x))deda(v), (5.2.2)

where o denotes the surface area measure.

If the two distributions u, v are supported on a compact set, then the overall definition
can indeed be regarded as a ‘mean squared’ version of perceptron discrepancy, because the
integrals over b and v only range over bounded sets. However, in general, the integral over
b in the definition of dy is not normalizable and that is why we put “average” in quotes.
Nevertheless, we have the following comparisons between dy and dp.

Proposition 5.2.1. For any 5 >0,d > 1, C' >0, and for all p,v € Ps(5,d,C), we have

%d}[(ﬂ, v) <dg(u,v). (5.2.3)

Moreover, for all d > 1, there exists a finite constant Cy such that for all p,v € Ps(d),

dH(:u’ V)
log(3 + 1/dp(p,v))"/*

Proof. The proof of (5.2.3) is immediate after noting that all distributions in Pg(3,d, C) are
supported on the d-dimensional unit ball and that [ g, , [, dbdo(v) = 4x%/?/T(d/2). Thus,
we focus on the Gaussian mixture case. Write  — v = 7 % ¢ where ¢ denotes the density of
the standard Gaussian NV(0, I;) and 7 € P(R?) is the difference of the two implicit mixing

S Cl@(,ua V)'
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measures. For any R > 0, we have

dy(p,v) > sup /( >>b(7' * @) (z)dx

veSI—1 |b|<R

> \/ 2Rvoldi o=y /S A . ( /(WZb(T*¢)(x)dx)2dbda(v).

Now, since 7 is supported on a subset of B(0,1) by definition of the class Pg(d), for any
v e S and R > 2 we have the bound

[ foamnariar) ws [ ([ oot-tial - 1j2)i0) @
= A)|>R </||x||zb eXp(_||$||2/8)dx>2 4

< exp(—Q(RY)),

where we implicitly used that [ dr =0 as 7 is the difference of two probability distributions.
Choosing R =< \/log(3 + 1/dg (i, v)) concludes the proof. O

Proposition 5.2.1 implies that to obtain a comparison between TV and dj, specifically for
lower bounding dy, it suffices to consider the relaxation dy instead. The next observation
we make is that dy is in fact equal, up to constant, to the energy distance.

Proposition 5.2.2. Let p,v be probability distributions on R? with finite mean. Then

(d-1)/4
du(p,v) = ———=%& (1, v).
L(%)

Proof. This is a direct implication of (5.2.4) and (5.2.7). We defer the proof to the more
general Proposition 5.2.5. O]

As will be clear from the rest of the paper, it does pay off to study &, for general v, even
though so far we only justified its relevance to the results stated in the introduction for the
case of v = 1. With this in mind, we proceed to study various properties of the generalized
energy distances {&,},¢(0,2)-

5.2.2 The Fourier Form

The formulation of the generalized energy distance that we rely on most heavily in our proofs
is the following.

Proposition 5.2.3 (|190, Proposition 2|). Lety € (0,2) and let y1, v be probability distributions
on R* with finite v th moment. Then,

~ S0ON(2
£2(u,v) = Fy(d) [ W - P@IF, 5.2.4
'y(:U’J V) ’Y( ) Rd ||w]|d+7 W, ( )
where we define F,(d) = 72:/21;(5 -
2
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Remark 18. Note that F.(d) = 0O (y(2 — )T (d?) 742} up to a universal constant.

This shows that the generalized energy distance is a weighted L? distance in Fourier space.
The fact that £, is a valid metric on probability distributions with finite 7’th moment is a
simple consequence of Proposition 5.2.3.

5.2.3 The MMD and IPM Forms

Another interpretation of the generalized energy distance is through the theory of Maximum
Mean Discrepancy (MMD). Given a set X and a positive semidefinite kernel k : X — R,
there is a unique reproducing kernel Hilbert space (RKHS) H, consisting of the closure of the
linear span of {k(x,-),r € X'} with respect to the inner product (k(z,-),k(y,")),, = k(z,y).

For a probability distribution 1 on X, define its kernel embedding as 6, = [, k(z,-)du(x).
As shown in [151, Lemma 3.1], the kernel embedding 6, exists and belongs to the RKHS
Hy if E[\/k(X, X')] < oo for (X, X") ~ u®? — as is the case for our kernel defined later in
Equation (5.2.5). Then, given two probability distributions p and v, the MMD measures
their distance in the RKHS by

MMDy (1, ) = (16, — 6|,

We refer the reader to [179, 151| for more details on the underlying theory. MMD has a
closed form thanks to the reproducing property:

MMD?(P,Q) =E [k(X, X))+ k(YY) — 2k(X, Y)]7

where (X, X', Y,Y") ~ u? ® v2. Moreover, it also follows that MMD is an Integral Probability
Metric (IPM) where the supremum is over the unit ball of the RKHS H:

MMDy(,v) = sup  E[f(X) — f(Y)].

FeHR:| flla, <1

In our case, we can define the kernel
ky(z,y) = llz)” + [lyl|” = [lz =yl (5.2.5)

for v € (0,2), which in one dimension corresponds to the covariance operator of fractional
Brownian motion. For a proof of the nontrivial fact that k., above is positive definite see for
example [180]. With the choice of &, it follows trivially from its definition that the generalized
energy distance &, is equal to the MMD with kernel k., i.e.

€,(1,v) = MMD, (11,)

for all distributions p,r with finite yth moment. It is noteworthy that while dy is by
definition an IPM, so is its averaged version dg.

A straightforward consequence of the above characterization is the fact that &, decays
at the parametric rate between empirical and population measures. This is not terribly
surprising as analogous results hold for arbitrary MMDs with bounded kernel, see for example
[85, Theorem 7]. Recall that M;(v) denotes the ¢'th absolute moment of the measure v.
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Lemma 5.2.4. Let v be a probability distribution on R and let v,, = %ZLI Ox, for an i.i.d.
sample X1, ..., X, from v. Then, for any v € (0,2),

2M,(v)

n

EEX (v, ) <

For a high-probability bound when v is compactly supported, see Lemma 5.4.5.

Proof. Let X1, ..., X, be an additional i.i.d. sample from v, and write 7, for the corresponding
empirical measure. Using the definition of £, in (5.2.1), we can compute

EE2 (v, ) = E| S - XW——ZZHX ey

i=1 j=1 i=1 j=1
1 n n
- S IX = X0
i=1 j=1
2
= —E||X; — Xy|.
n

The conclusion then follows from taking the expectation of the expression

> 1
E €3 )] = E20r00) + S EIX = I

and the inequality |z + y|? < 2201} (|z|7 + |y|?) for all z,y € R. O

5.2.4 The Sliced Form

Another equivalent characterization of the generalized energy distance is in the form of a
sliced distance. Sliced distances are calculated by first choosing a random direction on the
unit sphere, and then computing a one-dimensional distance in the chosen direction between
the projections of the two input distributions. For v € (0,2) define the function

Yy(z) = { a0 for oy 211 (5.2.6)

1{z > 0} otherwise.

The following result, to the best of our knowledge, has not appeared in prior literature except
for the case of v = 1.

Proposition 5.2.5. Let v € (0,2) and let u,v be probability distributions on R? with finite
v ’th moment. Then for (X,Y) ~ u® v we have

E(p,v) = /sd 1/ Ey,((X,v) —b) — Ey,((Y,v) — b)| dbdo(v), (5.2.7)

78 Hr(1-2) e
(I (D When Y 7 1 and 51 = g

where S, =
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The proof of Proposition 5.2.5 hinges on computing the Fourier transform of the function
1., which can be interpreted as a tempered distribution. We point out a special property
of the integral on the right hand side of (5.2.7). After expanding the square, one finds that
the individual terms in the sum are not absolutely integrable for v # 1. However, due to
cancellations within the squared quantity, the integral is finite.

As claimed, using the language of [152|, Proposition 5.2.5 allows us to interpret £, as a
sliced probability divergence. Given v € S! write 0, = (v,-) and 0,#v = v o 6, for the
pushforward of v under 6,. We have

S(d)E2 (1, v) = S,(1) / EX(Ou#p, 0u#v)do(v).
gd—1
We may also observe that the energy distance &; is equal to the sliced Cramér-2 distance up
to constant, which has been studied recently by both theoretical and empirical works [130,
131].4

5.2.5 The Riesz Potential Form

The generalized energy distance can also be linked to the Riesz potential [138, Chapter 1.1],
which is the inverse of the fractional Laplace operator. Given 0 < s < d, the Riesz potential
I, f of a compactly supported signed measure f on R? is defined (in a weak sense) by

I.f = fx K,

where K,(7) = c¢;!||z||*~¢ and ¢, = 7%22°T'(s/2)['((d — s)/2)~*. The Fourier transform of the
Riesz kernel is given by [/(\s(w) = ||w||~*, interpreted as a tempered distribution. The following
proposition is derived by setting s = d;—” and using the Fourier form (Proposition 5.2.3) of
the energy distance.

Proposition 5.2.6. Let v € (0, min{d,2}) and let u,v be compactly supported probability
distributions on R?. Then

& (n,v) = @m)"P2\[F ()| Lasz (1 = v)|2. (5.2.8)

5.3 Main Comparison: TV Versus Energy

After considering the connection of the perceptron discrepancy dy to the energy distance in
Section 5.2, we turn to some of our main technical results, which provide novel quantitative
comparisons between {&,},c(0,2) and the total variation distance. In Section 5.3.1 we show
that the generalized energy distance is upper bounded by total variation for compactly
supported distributions. In Section 5.3.2 we derive lower bounds on the generalized energy
distance in terms of the total variation distance over the two distribution classes that we have
introduced, namely smooth distributions and Gaussian mixtures. Finally, in Section 5.3.3 we
turn to the case of discrete distributions, which requires alternative techniques.

4The Cramér-p distance is simply the LP distance between cumulative distribution functions.
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5.3.1 Upper Bound — Compactly Supported Distributions

Note that we (obviously) always have dg (i, v) < TV(u, v) for arbitrary probability measures
p and v. Moreover, for distributions supported on a unit ball we also have dy(u,v) <
dg(p,v). Therefore, by the identification of dy and &, (Proposition 5.2.2), we can see that
for distributions with bounded support, we always have & (u,v) < TV(u, ). The next result

generalizes this estimate for all £,, not just v = 1.

Proposition 5.3.1. For any dimension d > 1 and v € (0,min{d, 2}) there exists a finite
constant ¢ such that for any two probability distributions u,v supported on the unit ball we
have

&1, v) < V().
dv

Proof. Assume first that both p, v are absolutely continuous, and let f(z) = j—g — % and
e = TV(u,v). By Equation (5.2.8), it suffices to upper bound ||I5f||2 for s = (d + 7)/2. First

we decompose ||If]|2 as
s fll2 < [[Lsf 10,2 |2 + [ 1o Lp0.2)ll2
by the triangle inequality. Let fT(x) = max{f(x),0} and f~(z) = max{—f(x),0} so that
[ fH(x)dx = [ f~(x)dz = e. Since supp(f) C B(0,1), for all ||x]| > 2 we have
[Ty) = ()
[l —yll*=

Jwdy [ (y)dy

= (=l =D (] + 1)

cslsf(x) =

dy

_ e( 1 B 1 >

A\l =12 (]| + 1)
) 2(d — s)

=Tl - o

where the last line follows from the convexity of the function u ~— u*~? for u > 0. Thus, we
can upper bound ||I;f 1g(,2)||2 by

4(d — 5)2 12
< = (/ : QSd)—Q +2dx>
cs \Ja(o,2)e (l|lz]| —1)2d=2

2(d — 8)\/o(STD)e ([ ud! v
= co ,  (u— 1)22s+2 du ~ €

where we discard a finite constant depending only on d and ~.

Next we need to estimate ||/, flg(,2)||2- Let ¢ = ﬁ > 2 and let || - ||,» denote the weak

g-norm. Define the distribution function A(t) = m{z € R? : |I,f(x)Lg(o2)| > t} where m
is the Lebesgue measure on R?. Because A(t) < min (£79|1; f1g(0,2)[|2 - m(B(0,2))) for any
t > 0, we have

| Ls.f 1g(0,2)c

o 2
||lsfllB<o,z>H2=(2 / tA(t)dt) < ColsFLe0) o
0
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N|=

where Cy(d,vy) = (q_%)%m(B(O,Q)) ‘. By the Hardy-Littlewood-Sobolev lemma [185,
Theorem V.1|,

s llgaw S 1N = 26,

where we again discard a constant depending on d and 7. Combining these inequalities
together, we get

s fll2 < s/ Ta0,2)-

2+ HIsf]]-B(O,2)||2 S C(dv 7)6

for some constant C(d, ).

Finally, if either u or v does not have a density, we pick a positive mollifier ¢ € C>(R?)
such that supp(¢) C B(0,1), ¢ > 0, and [¢ = 1 and set ¢,(x) = n~%(xz — n) for n > 0.
Consider p, = p* ¢, and v, = v * ¢,;, which are both absolutely continuous and supported on
B(0,1+n). By the first part of our proof so far we get &, (11, v,) < C(d, ) (1+n0)"">TV (4, v)
by a simple argument that rescales the two mollified distributions to be supported on the
unit ball. It is well known that p, — p and v, — v as 7 — 0 in a weak sense, thus by the
definition of &, (), v,) given in (5.2.1), we obtain &, (u,,v,) = &,(u, v) as n — 0. Moreover,
we have TV(p,, v,) < TV(i,v) by the data processing inequality, which concludes the proof.

O

5.3.2 Lower Bound — Smooth Distributions And Gaussian Mixtures

In Section 5.3.1 we showed that the energy distance is upper bounded by total variation for
compactly supported measures. In this section we look at the reverse direction, namely, we
aim to lower bound the energy distance by total variation.

Theorem 5.3.2. For any 8 >0, d > 1 and C > 0, there exists a finite constant C so that

2B8+d+ny
VY2 =7)TV(u,v) 2 < Ci&(p,v) (5.3.1)
for any p,v € Ps(B,d,C) and v € (0,2). Similarly, for any d > 1 there exists a finite
constant Cy such that
VIR =)V o

log(3 + 1/TV(u,v) "
for every p,v € Pg(d) and v € (0,2).

E (1, v) (5.3.2)

Proof. Abusing notation, identify p and v with their Lebesgue densities. The argument
proceeds trough a chain of inequalities:

1. Bound TV by the L? distance between densities.
2. Apply Parseval’s Theorem to pass to Fourier space.

3. Apply Hélder’s inequality with well-chosen exponents.
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Proof of (5.3.1). Jensen’s inequality implies that

2TV(p,v) = I — vl < V/3ol(BO, D)l — vz < lli = vl

where vol denotes volume and we discard dimension-dependent constants. This completes
the first step of our proof. For the second step note that u,v € L?(R?) and we may apply
Parseval’s theorem to obtain

1
2 __ - 12
”:u - VHQ - (271')‘1 H:u - V”Z‘

For arbitrary ¢ > 0 and r € [1, o0], Holder’s inequality with exponents % + Ti = 1 implies
that
Jwl]?
=l = | 1) = i)y
’ [Jwll?

s(AJM@—%@WMW@)W(L]mﬁﬁﬂmﬁmfw.

Now, we choose ¢ and r to satisfy

(5.3.3)

pr =20
or* =d+ 1.

The first equation ensures that the first integral term is bounded by |lu — I/HZ/ 5, which is
assumed to be at most a d, 8 dependent constant. The second equation ensures that the
second integral term is equal to (&, (u,v)%/F,(d))Y/™" by Proposition 5.2.3. The solution to
this system of equations is given by r* = (268 + d + ~)/(28) and ¢ = 25 - 25%17. Note that
clearly ¢ > 0 and 7* > 1. Thus, after rearrangement and using that Fy(y) = ©(v(2 —)) up

to a dimension dependent constant, we obtain

23+d+v

VY 2 Y ”H_V”Q <015q,(,u,1/),

for a finite constant Cy = C(d, 3), concluding the proof.

Proof of (5.3.2). We write C(d) € (0, 00) for a dimension dependent constant that may
change from line to line. The outline of the argument is analogous to the above, with the
additional step of having to bound the (3, 2)-Sobolev norm of the Gaussian density as  — 0o
for which we rely on Lemma D.1.6. Let p and v have densities p x ¢ and ¢ * ¢, where ¢ is the
density of N (0, ;). Writing f = (p — q) * ¢, we can extend the proof of [116, Theorem 22] to
multiple dimensions to find, for any R > 2, that

2“MLW=HM—Wh=/ Kﬂww@Mm+/ bz — y)df ()| d

lzlI<R lz||>R |JRe
< \/vold(B(O,R>)\// f*¢)(x)|2dx+/ exp(—||z|?/8)dx
lzlI<R l|lz||>R

< C(d) (R‘WHM — s + exp(—Q(R2)))v
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where the second line uses that supp(f) C B(0,1). Taking R < /log(3 + 1/[|u — v[2) we
obtain the inequality

TV(u,v) < C(d)||p = v2log(3 + 1/ || — v][2)"*. (5.3.4)
By Hoélder’s inequality we obtain
oy ||
f(w) ’

dty
leol] ="

o~ o~ _dty
1Fll2 < Mlwll? flw) 37 ‘

2

o~ _dty
= el P 7777 - & )50 - Py () i

by Proposition 5.2.3. Using that |fA\ < ]&5\ and applying Lemma D.1.6, for 5 > 1 we get

264d-1\ 3HLAF)
2B+d) 2 )

'(d/2)

R /2
B ()75 |l < € (u,v) 75075 ( u ( 5
(&

Rearranging and using Parseval’s Theorem, we get

d+~y

28
&) > ClaA@ =l
(M)T

2e

for some d-dependent, albeit exponential, constant C'(d) > 0. Plugging in § = log(3+1/| f]|2)
and assuming that || f]|2 is small enough in terms of d, we obtain

() > Cld)v/~(2 - W)HdJllz > Cld)v/~(2 - ’Y)TV(/j;:), (5.3.5)
log(3+1/[fll2) = log(3+1/TV(u,v))"1

where the second inequality uses (5.3.4) and Lemma D.1.2. O

Theorem 5.3.2 is our main technical result, which shows that £, is lower bounded by
a polynomial of the total variation distance for both the smooth distribution class Pg
and Gaussian mixtures Pg. Note also that in one dimension, (5.3.1) follows from the
Gagliardo—Nirenberg-Sobolev interpolation inequality. However, to our knowledge, the
inequality is new for d > 1. As for the tightness of Theorem 5.3.2, we manage to prove
that this inequality is the best possible for Ps in one dimension, and best possible up to a
poly-logarithmic factor in dimension 2 and above.

Proposition 5.3.3. For any 5 >0,d > 1, v € (0,2) and C > 0 satisfying Assumption 3,
there exists a finite constant Cy so that for any value of € € (0,1), there exist p.,v. €
Ps(58,d,C) such that TV (e, ve)/e € (1/C1,Ch) and

d-1
TV (e, VE)) ‘

In the special case v = 1 we obtain an even stronger notion of tightness.

2B+d+y
E(phe, ve) < C1TV (e, ve) 22 log (3 +
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Proposition 5.3.4. When v = 1 we may replace & by dy in Proposition 5.3.3.

Proposition 5.3.4 is an improvement over Proposition 5.3.3 due to the inequality dy < dy
over the class Ps(S,d,C), which follows from Proposition 5.2.1. It shows also that our
construction has the property that there does not exist any halfspace that separates p and v
better than our bounds suggest.

The proofs of both results are presented in Appendix D.4. The general idea is to saturate
Holder’s inequality in (5.3.3), for which the Fourier transform of f = 3—; — j—g should be
supported on a sphere. However, such f clearly cannot be compactly supported. Thus the
actual construction is to multiply the Fourier inverse of the uniform measure on a sphere
with a compactly supported mollifier. In d > 1 the mollifier that we require must have

super-polynomial Fourier spectrum decay, for which we use the recent construction in [47].

5.3.3 Lower Bound — Discrete Distributions

Suppose we have two discrete distributions that are supported on a common, finite set of size
k. One way to measure the energy distance between them would be to identify their support
with the set {1,2,...,k}, thereby embedding the two distributions in R, and applying the
one-dimensional energy distance.

While the above approach seems reasonable, it is entirely arbitrary. Indeed, there might
not be a natural ordering of the support; moreover, why should one choose the integers
between 1 and k instead of, say, the set {1,2,4,...,2%}? The total variation distance does
not suffer from such ambiguities, and it is unclear how our choice of embedding affects the
relationship to TV. The following result attacks precisely this question.

Theorem 5.3.5. Let p and v be probability distributions supported on the set {xy,..., x5} C
R? and let § = min;; ||z; — x;||. Then there exists a universal constant C' > 0 such that

s
EXpu,v) > —=TV*(u,v).
1(#”)_k\/3 (1, v)

Proof. Let jp= 3% | 110, and v = 3% 146,,. Then, by [15, Theorem 1] we have

CSTV?(p, v)

: s § :
E(mv) = =Y (s — vi)(nj — vyl — 5] > NG ;(Mz’ — V)" = /d

1,

as required.
O]

Remark 19. Similar results can be proved for the generalized energy distance &, using e.g.
the work [153]. However, to the best of our knowledge, these estimates degrade significantly
in the dimension d in contrast with [15].

Notice that by our discussion above, the support set {xi,..., 2} in Theorem 5.3.5 is
arbitrary and may be chosen by us. Since the scale of the supporting points x1, ...,z is
statistically irrelevant, we remove this ambiguity by restricting the points to lie in the unit
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ball, i.e. requiring that max; ||z;|| < 1. We see now that the comparison between & and TV
improves as §/ Vd grows. Given a fixed value of §, we want to make the dimension d of our
embedding as low as possible, which means that the points x1,...,z; should form a large
0-packing of the d-dimensional unit ball. Due to well known bounds on the packing number
of the Euclidean ball, it follows that the best one can hope for is

log(k) =< dlog(1/96).

Maximizing d/+/d subject to this constraint yields the choice d = ©(log(k)) and § = ©(1).
This gives us the following corollary.

Corollary 5.3.6. There exists a universal constant C' € (0,00) such that for any k > 1 there
exists a set of points x1, ...,z € RICEET with max; ||z;]| < 1 such that

TV(p,v)

k k
E | S pibe D vty | > e
<Z Z ) Ok log (k)

for any two probability mass functions p = (p1, ..., pux) and v = (v1,..., V).

The question arises how the set of points x1, ..., x; in Corollary 5.3.6 should be constructed.
One solution is to use an error correcting code (ECC), whereby we take the x; to be the
codewords of an ECC on the scaled hypercube \/La{il}d for some dimension d (known as
“blocklength” in this context). An ECC is asymptotically good if the message length log(k)
is linear in the blocklength d, that is d =< log(k), and if the minimum Hamming distance
between any two codewords is ©(d), which translates precisely into 6 = min,; ||z; — z;|| < 1.
Many explicit constructions of asymptotically good error correcting codes exist, see [120] for
one such example, and random codes are almost surely good [17]. Clearly the better the code
is, the better the constants we obtain in Corollary 5.3.6.

Remark 20. One interesting consequence of Corollary 5.3.6 and the preceeding discussion is
the following: given a categorical feature with k possible values, the perceptron may obtain
better performance by identifying each category with the codewords xi,...,xy of an ECC
instead of the standard one-hot encoding.

5.4 Density Estimation

In this section we apply what we’ve learnt about the generalized energy distance and the
perceptron discrepancy in prior sections, and analyze multiple problems related to density
estimation.

5.4.1 Estimating Smooth Distributions and Gaussian Mixtures

Suppose that Xy,...,X, % 1 for some probability distribution v on R?. Given a class of
“generator” distributions G and v € (0, 2), define the minimum-&, estimator as

NS arg/érglin E,(V vy), (5.4.1)
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where v, = % > i, dx,. Note that ., does not quite agree with our definition of 7, in (5.1.2),
because the v = 1 case minimizes the average halfspace distance dy < & and not the
perceptron discrepancy dy. The following two results bound the performance of 7 as defined
in (5.4.1), as an estimator of v for the smooth density class Pg as well as the Gaussian
mixture class Pg. In Section 5.4.2 we present the adapation of these to dj, thereby proving
Theorem 5.1.1.

Theorem 5.4.1. Let ., be the estimator defined in (5.4.1). For any 8 >0,d>1 and C > 0,
there exists a finite constant Cy so that

sup  ETV(,,v) < Ci(ny(2 — ) e (5.4.2)
vePs(,d,C)

holds for G = Ps(5,d,C) and any v € (0,2). Similarly, for any d > 1 there is a finite
constant Cy such that

sup ETV(7,,v) < Cap(ny(2 —7)) (5.4.3)
vEPg(d)

2d+~y
holds for G = Pg(d) and any v € (0,2), where ¢(z) = 1og(34:;:§)T_

Proof. Let us focus on the case G = Pg(f,d,C) first and let t = %%7. The inequality
E (D, vn) < &, (v, v,) holds almost surely by the definition of 7. Writing C, = C;(5,d, C)
for a finite constant that we relabel freely, the first claim is substantiated by the chain of
inequalities

. 1/t
ETV(7,, ) 'g"E[(Cl%) }

- 8 ((11 E (v, va) + & (7, yn)> Y t}
B (2 =)

Eq. (5.4.1) (v, v) 1t
(a0 ) |

; 7 E€ 1/t
ensgen S (201 ’Y(V’ Vn) >

(2 =)
Lem. 5.2.4 77/')/(2 — —1/2t
< —_— .
= 807

The result for G = Pg follows analogously. Define the function r(x) = x1/7(2 — )/ log(3 +

1/ x)% One can check by direct calculation that r is strictly increasing and convex on R, .

As a consequence, its inverse r~! is strictly increasing and concave. Let Cy be a d-dependent
finite constant which we relabel repeatedly. Similarly to the case of smooth distributions
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covered above, using Theorem 5.3.2 and Jensen’s inequality we obtain the chain of inequalities

ETV(,,v) < E[r’l (@%) ]

S 7”71 <02 E57(1;77V> )
(2 =)

- (202 EE, (v, ) )
(2 —7)
<r ' (Ca(ny(2—7))?).

The conclusion follows by Lemma D.1.2. O]

Notice that the rate of estimation of the minimum &, density estimator improves as 7 | 0,
and in fact seems to approach the optimum. However, simultaneously, the “effective sample
size” n~y shrinks. The best trade-off that we can derive is the following.

Corollary 5.4.2. The rate in (5.4.2) (resp. (5.4.3)) can be improved to (log(n)/n)?/ 20+
(resp.
log(n)¥*\/loglogn/\/n) by adaptively setting v = log(n)~' (resp. v = loglog(n)~*).

5.4.2 Proof of Theorem 5.1.1 and Theorem 5.1.2

We already have everything needed to deduce Theorem 5.1.2. Since it is an exercise in
combining results, we simply list the required steps:

1. Use Theorem 5.3.2 to get a comparison between TV and &,.
2. Set v =1 and use Proposition 5.2.2 to get the equivalence between & and dy.

3. Use Proposition 5.2.1 to get a comparison between dy and dp.

Turning to the proof of Theorem 5.1.1, we find that it is completely analogous to the proof
of Theorem 5.4.1, with the only difference being that we can no longer rely on Lemma 5.2.4 to
show that the distance between empirical and population measures decays at the parametric
rate, as the latter applies to &, instead of dg. However, the corresponding result for dy is
well known.

Lemma 5.4.3. Let v be a probability distribution on R and v, = %2?21 dx, for i.a.d.
observations X; ~ v. Then, for a finite universal constant C,

Edrr (v, 1) < c\/g.

Proof. Follows for example from [201, p. 8.3.23] and the fact that D, the family of halfspace
indicators, has VC dimension d + 1. n

With Lemma 5.4.3 in hand, completing the argument is straightforward: To deduce
Theorem 5.1.1 follow the same steps as in the proof of Theorem 5.4.1, except use Theorem 5.1.2
and Lemma 5.4.3 in place of Theorem 5.3.2 and Lemma 5.2.4 respectively.
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5.4.3 Estimating Discrete Distributions

In many practical machine learning tasks the data is discrete, albeit on a large alphabet
(k] = {1,2,...,k}: for example, in recommender systems the alphabet could be all possible
ads, products or articles. A common idea to apply modern learning pipelines to such data is
to use an embedding E : [k] — RY, with “one-hot” encoding (d = k) being the most popular
choice. After such an embedding, the data is effectively made “continuous” and the density
estimation methods as discussed previously can be applied. Can such an approach be good
in the sense of minimax estimation guarantees? We answer this question positively in this
section, provided that embedding £ comes from an error-correcting code.

Let Py, denote the set of all probability distributions on the set [k]. Suppose we observe
an i.i.d. sample Xi,..., X,, ~ v from some unknown distribution » € P,. The problem of
estimating v is effectively trivial: the empirical distribution provides a minimax optimal
estimator. Indeed, it is a folklore fact, see for example [35, Theorem 1] or [168, Exc. VL.§|,
that the optimal rate of estimation is given by

1 & k
sup ETV? (ﬁ > 6., u> = min {5, 1} . (5.4.4)
=1

vEPy

Recall from Section 5.3.3 that we may choose to embed the alphabet [k] into some higher
dimensional Euclidean space. Given distinct points z1, ..., z; € R? for some d > 1, we can
identify any distribution p € P with the probability distribution Zle i0,, where p; is the
mass that p puts on i € [k].

Theorem 5.4.4. There exists a universal constant C' < oo with the following property. For
any alphabet size k there exist embedding points aq, . ..,a; € RIC1EFT sych that given an
.5.d. sample Xy, ..., X, ~ v from an unknown v € Py, any estimator v € Py, that satisfies

k n
1 c
E? Uiba— Y 0. | <= 5.4.5
enjoys the performance guarantee

sup ETV?(#,v) < C'min {(c + 1)k:—~l:bg(k:)’ 1} : (5.4.6)

vEP

Moreover, we may replace £, by dg in (5.4.5) and the result (5.4.6) remains true with \/log(k)
replaced by log(k).

Proof. Let ay,...,a; € R? be the points defined in Corollary 5.3.6 (relabeled from z1,. ..,z
for clarity) so that d =< log(k). By the triangle inequality we have

k k k n n k
EE} (Z Pibas Y uiéa,) < 2EE? (Z Dila,, % > 5%) + 2EE2 (% DY Wsai)
=1 =1 =1 =1 =1 =1

Lemm<a 524 ¢ + max; ||a| < ¢t 1‘

~Y ~Y

n n
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By Corollary 5.3.6, the definition of 7 and the triangle inequality it follows that

< kvVd(e+1)  ky/log(k)(c+1)

~
—~ .

n n

ETV?(7,v)

Noting the trivial fact that TV <1 completes the proof of the first claim.
Suppose now that we replace £ by dy in the definition of 7. The proof follows analogously,
using the chain of inequalities

d+1
TV Cor-<5-3~6 Prop. 5.2.2 r(%) maXiH<ai||§1_

Viva S 8 T Tt s A

and Lemma 5.4.3 in place of Lemma 5.2.4, which is where we loose the v/d = +/log(k)
factor. O

As we explained, the empirical distribution 7 = % > =1 Ox, achieves optimality in (5.4.4),
and clearly also achieves ¢ = 0 in (5.4.5) i.e. minimizes the empirical risk globally. The point
of Theorem 5.4.4 is to show that approximate minimizers, such as those found via SGD, are
also nearly minimax optimal.

Estimating Holder Smooth Densities

Theorem 5.4.4 has interesting implications for density estimation over the class of distributions
on the cube [0, 1]¢ with uniformly bounded derivatives up to order B=:[8~—1] and (8 — B)-
Holder continuous ﬁth derivative; call such distributions simply S-Hélder smooth.’ Writing
B; for the cube with center (j — 1)e'/# and sidelength €'/# where j € {1,...,e /#} it is
known that

)3

J

Qé(ﬂm—guwu

J

= [ 1) —g@lds +0(0)

for any [-Holder smooth densities f, g and an e-independent constant ¢ > 0, see for example
[10, Lemma 7.2| or [113, Proposition 2.16]. In other words, discretizing such distributions
using a regular grid with Q(e~%7) cells maintains total-variation distances up to an additive
O(e) error.

Now, consider a ‘multilayer perceptron’, that is, a fully connected multilayer neural network
with activations given by z — 1{x > 0}. Such a multilayer network with large enough
hidden layers can in principle implement the discretization described above, and embed
the e=%5 cells as an error correcting code. Thus, due to Theorem 5.4.4, the ERM density
estimator (5.1.2) would achieve the minimax optimal density estimation rate n=%/(%+9 gver
[-Holder smooth densities up to polylog factors provided the discriminator class D includes
the aforementioned multilayer perceptron and has VC-dimension at most polylog in 1/e. This
observation essentially generalizes Theorem 5.1.1, which shows that if the discriminator class

includes only the single layer perceptron then the best possible minimax rate is n~=2/(28+d+1),

®Note that this class is not the same as Pg, although related.
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5.4.4 A Stopping Criterion for Smooth Density Estimation

As a corollary to our results, we propose a stopping criterion for training density estimators.
Before doing so, let us record a result about the concentration properties of the empirical
energy distance about its expectation.

Lemma 5.4.5. Let v be supported on a compact subset Q C R%, and let v, be its empirical
measure based on n i.i.d. observations. For everyy € (0,2) there exists a constant Cy € (0,00)

such that o )
1 nt
P (57(1/, Vp) > % +t) < 2exp (—a) )

In other words, &€, (v, vy,) is O(1/n)-sub-Gaussian.

Proof. Recall the MMD formulation of the generalized energy distance from Section 5.2.3.
The corresponding kernel is given by k. (x,y) = ||z||” + ||y||” — ||z — y||”. Clearly

sup  (ky(z,9) — ky(2',y/)) < diam(2)".
z,z’y,y’' €supp(v)

Therefore, by McDiarmid’s inequality we know that £, (v, v,,) is O(1/n)-subGaussian (note we
don’t track constants depending on € here). From Lemma 5.2.4 we know that EE, (v, 1) S

~Y

1/4/n, and the conclusion follows. ]

Consider the following scenario: we have i.i.d. training data Xi,..., X, from some
distribution v and we are training an arbitrary generative model to estimate v. Suppose that
this training process gives us a sequence of density estimators {p }x>1, which could be the
result of, say, subsequent gradient descent steps on our parametric class of generators. Is
there any way to figure out after how many steps K we may stop the training process? In
other words, can we identify a value of K such that TV(v, ux) is guaranteed to be less than
some threshold with probability 1 — 67 Note that an additional difficulty here is that our
generative model for py is able to generate the samples from py; but otherwise gives us no
other access to . The fast (dimension-free) concentration properties of £, and the minimax
optimality guarantees of its minimizer (whenever v is smooth) make it an excellent choice for
such a stopping criteria.

Let v € Ps(f,d,C) and let v, be its empirical version based on the n i.i.d. observations.
Assume further that {ug}ti>1 C Pg(8,d,C) is a sequence of density estimators based on
the sample Xi,...,X,. Finally, given the training sample (Xi,...,X,), for each k let
Mooy = mLk Sk 5Xi(k) be the empirical distribution of the sample (X, ... X)) ~ ™
Proposition 5.4.6. For any f > 0,d > 1 and v € (0,2) there exists a constant ¢ € (0,00)
such that

2
1 1 5 2B+d+~
P TV(uk,u)§c< #+&y(uk,mk,uﬂ)>  VE>1]>1-25

provided we take my = cnlog(k?/8)/log(1/4).
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Proof. Let ¢ = C) where C is as in Lemma 5.4.5 and fix § € (0,1). Define the event
A= {57(1/, Vp) > \/iﬁ + dog—f/‘;)} and similarly

c cty
A= L&, i) > i

for some sequence ty,1s,..., and each k > 1. By Lemma 5.4.5,

P(A) <4,

Taking t), = log(k?m*/(34)), the union bound gives

P(AUUAk) < 26.

k>1

By the inequality &, (tu, V) < & (ks femy) + E(Hhmys Vn) + E4(Vn, v) it follows that

c e clog(2/8) | [clog(k?*m?/(36))
P 3k : I
k g’y(l/v Mk) > 57(uk7mk7l/") + \/ﬁ - \/ﬁk + \/T—i_ my,

< 20.

Thus, by choosing my, < nlog(k?/d)/log(1/§) we can conclude that there exists a constant ¢
depending only on f3,d, v such that

log(1/6
P (a@, i) < )LD e e 1) >1— 2.
n
The final conclusion follows from Theorem 5.3.2. O

Note that our bound on the probability holds for all £ simultaneously, which is made
possible by the fact that m, grows as k — oco. The empirical relevance of such a result
is immediate: suppose we have proposed candidate generative models py, o, ... (e.g. one
after each period of training epochs, or from different training models) that is trained
on an i.i.d. dataset Xi,..., X, of size n from v € Pg(5,d,C). A “verifier” only needs
to request for m; independent draws from the k’th candidate, and if we ever achieve

Elogn)—1 (Hymys Vn) S v/1og(1/6)/n we can stop training and claim by Theorem 5.4.1 that we
are a constant factor away from (near-)minimax optimality with probability 1 — .

5.5 Suboptimality for Two-Sample Testing

So far in this paper we have shown how the empirical energy distance minimizer, while being
mismatched with the target total variation loss, nevertheless achieves nearly minimax optimal
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performance for density estimation tasks. Unfortunately, this surprising effect does not carry
over to other statistical tasks, such as two-sample testing, which we describe in this section.

The task of two-sample testing over a family of distributions P is the following. Given
two samples (X,Y) ~ p®" ® ¢®™ with unknown distribution, we need to distinguish between
the hypotheses

Hy:p=qand pe P, versus H;:TV(p,q) >e€and p,q € P

with vanishing type-I and type-II error. The special case of m = oo is known as goodness-of-fit
testing, and for the class of smooth distributions it was famously solved by [110], who showed
that in dimension d = 1 the problem is solvable with probability 1 — O(1) if and only if

_2B+d/2

n = w(e B )’ (551)

in which case a variant of the y2-test works. The case of general m,n and d > 1 was resolved
in [10] who showed that the problem is solvable if and only if (5.5.1) holds with n replaced
by min{n, m}, using the very same y>-test; see also [139]. In the remainder of the section we
focus on the m = n case for simplicity.

In a recent paper [161], the following test statistic for two-sample testing was proposed:

k k
Tie(pq) =  max ‘E WX =) —Ey (WY —b ‘
(P, q) (wb)esi-ix[,00) | a )i B )
where the arguments X, Y can be either discrete (e.g. via observed samples) or continuous
densities. Note that here we take (a)} = 1{a > 0} by convention. Specifically, the test

proposed is to reject the null hypothesis when

Td,k(pn7Qn> Z tna (552)

where p, = L3 bx,,q, = =Y, 0y, are empirical measures and the threshold that
satisfies both ¢, = O(1) and ¢,, = w(1/4/n). One of their main technical results [161, Theorem
6] asserts that the test (5.5.2) returns the correct hypothesis with probability 1 — O(1)
asymptotically as n — oo for any qualifying sequence {t,},>1 and fixed p, q. However, this
result leaves open questions about the sample complexity of their test, and in particular,
whether it is able to achieve known minimax rates. It turns out that our results imply that
their test, at least in the £ = 0 case, cannot attain the optimal two-sample testing sample
complexity (5.5.1) over the smooth class Ps(f,d,C). To connect to our results, notice that

Tuo(p,q) = du(p,q) .

Proposition 5.5.1. For all d, 3 > 0, there exists constants ¢,c’ such that for all € > 0, there
exists probability density functions p,q supported on the d-dimensional unit ball such that

1. |Ipllg2; lalls2 < ¢,

2. lp—qli =< |lp—dqll2 <€, and
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3. the expected test statistic satisfies

/

7

E[T40(Pn, qn)] <

_ 2B4d+1
B

for any n < (log %)*de
. . . .. .. . . ~, _2B+d+1
In other words, consistent testing using the statistic Ty is impossible with n = O(e” ™ # )
samples, which is a far cry from the optimal sample complexity (5.5.1) attainable by the x?
test. The proof of Proposition 5.5.1 is given at Appendix D.5.

5.6 Conclusion

We analyzed the simple discriminating class of affine classifiers and proved its effectiveness
in the ERM-GAN setting (5.1.2) within the Sobolev class Ps(,d) and Gaussian mixtures
Pe(d) with respect to the L? norm (see Theorem 5.4.1 and Corollary 5.4.2) and the total
variation distance (see Theorem 5.1.1). Our findings affirm the rate’s near-optimality for the
considered classes of Pg and Pg. Moreover, we present inequalities that interlink the &,, TV,
and L? distances, and demonstrate (in some cases) the tightness of these relationships via
corresponding lower bound constructions (Appendix D.4). We also interpret the generalized
energy distance in several ways that help advocate for its use in real applications. This work
connects to a broader literature on the theoretical analysis of GAN-style models.

An interesting question emerges about the interaction between the expressiveness and
concentration of the discriminator class. We found that the class of affine classifiers D; is
guaranteed to maintain some (potentially small) proportion of the total variation distance,
and that it decays at the parametric rate between population and empirical distributions.
Thus, we have traded off expressiveness for better concentration of the resulting IPM. As
discussed in Section 5.1.2, Yatracos’ estimator lies at the other end of this discriminator
expressiveness-concentration trade-off: the distance dy is as expressive as total variation
when restricted to the generator class G, but sup, g Edy (v, v,,) decays strictly slower than
1/4/n for nonparametric classes G. A downside compared to dg is that (i) the Yatracos
class ) requires knowledge of G while our D; is oblivious to G and (i7) the distance dy is
impractical to compute as it requires a covering of G. Our question is: is it possible to find a
class of sets S C 2B that lies at an intermediate point on this trade-off? In other words,
does S exist such that the ERM 7 defined in (5.1.2) using the discriminator class D = S is
optimal over, say, G = Pg and the induced distance converges slower than 1/4/n but faster
than n~?/(28+d) hetween empirical and population measures? Would there be desiderata for
a sample-efficient discriminator that has neither full expressiveness against total variation
and does not concentrate at a parametric rate?
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Appendix A

Appendix of “Likelihood-Free Hypothesis
Testing”

A.1 Proof of achievability in Theorem 2.3.2 and 2.3.3

Let /2 be a measure on the measurable space (X, F). Let {¢;}ic[) be a sequence of orthonormal
functions in L?(u), where we use the notation [r] = {1,2,...,7}. For f € L*(u), define its
projection onto the span of {¢1,...,¢,} as

i€[r]
where we write (-) for integration with respect to p and || - ||, for || - ||1r(). Given an i.i.d.
sample X = (X3,...,X,,) from some density f, define its empirical projection as
A= 3 (33000 o
1€[r]

We define the difference in L?-distances statistics to be
Tir = ||P[X] = P[Z]|3 = IIP.IY] = P Z]115, (A.1.1)

for an appropriate choice of p and {¢;},>1 depending on the class P. Before calculating
the mean and variance, we separate out the diagonal terms in 7 ¢ thereby decomposing the
statistic into two terms:

Tir =T+ = = Z > (7 ¢2(Y;)), (A1.2)

i€[r] j€[n]

Il
»

which will simplify our proofs somewhat.
To ease notation in the results below, we define the quantities

Aggn = (f[Prlg — )]

Bra iwz P.(9¢:)) (A.1.3)

=1
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for f,g,h € L*(u), assuming the quantities involved are well-defined. We are ready to state
our meta-result from which we derive all our likelihood-free hypothesis testing upper bounds.

Proposition A.1.1. Let f, g, h denote probability densities on X with respect to p, and
suppose we observe independent samples X, Y, Z of size n,n,m from f, g, h respectively. Then

Eﬂ?=HRU—hM?ﬁﬁﬂa—Mﬁ+%mﬂwwﬁﬁﬁﬂﬁﬁ)

A A A hll2 + |B B
var(T9) < ffh;; ggh | Tf;fur If+g+ ||27’L_:n| sh| + | Bgnl
N |Bysl + [Bggl + IIf + 9+ b3+ /AppoAssn + AggoAggn
TL2
+ |Bff| + |ng| + ||f + 9+ h”% + AffO + Aggo
n3 ’

where the implied constant is universal.

Proposition A.1.1 is used to test (LF) by rejecting the null whenever TL_Fd > 0. To
prove that this procedure performs well we show that TL_FOI concentrates around its mean by
Chebyshev’s inequality. For this we find sufficient conditions on the sample sizes n, m so that
(ET )% 2 var(T;F) for a small enough implied constant on the left.

While Proposition A.1.1 is enough to conclude the proof of our main theorems, notice that
it uses the statistic T,__F‘j| which has the diagonal terms removed. For completeness we show
that rejecting when T ¢ > 0 is also minimax optimal, that is, the diagonal term D in (A.1.2)
can be included without degrading performance.

A.1.1 The class Ppp

Proposition A.1.2. For any C > 1 there exists a constant ¢ > 0 such that
Re(€, Pou(k,C),B.) D c{m >1/,n > Vk/et, mn > k‘/e4} ,

where B, = {u € Ppp(k,C) : |lu —v||2 < ¢/(2VE)}.

Proof. Choice of ;1 and ¢. Take X = [k| and let pu = Zle d; be the counting measure. Let
¢i(j) = L=y and choose r = k so that P, = P is the identity. By the Cauchy-Schwarz
inequality ||ul; < vk||u|2 for all u € R¥.

Applying Proposition A.1.1. Recall the notation of Proposition A.1.1, so that f, g, h
are the pmfs of Px, Py, Pz respectively. We analyse the performance of the test IL{TL_Fd >0}
under the null hypothesis, the proof under the alternative is analogous. The inequality

€ _Wf=glls _If—gl2
— hlly < < <
Hf H2 = 2\/E = 4\/E = A
along with the reverse triangle inequality yields
lg = hllz = I1f = Al > (1f = gl = IIf = hll2)* = |[f = Al
= [If = gll3 = 21f = gll2llf = hll
> || f = gll3/2-
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Combining the above inequality with Proposition A.1.1, we get that —ET . > || f —g|3/2+R,
where the residual term R can be bounded as

f2_ 92
ym;‘” ||2n|| I3
1f = gll

vk

Therefore, —ET* > @ holds provided 2C||f — glla/(nvVk) < ||f — gl|3/4, which in turn
is implied by n 2 1/e and is thus always satisfied.
Turning towards the variance, we apply Proposition A.1.1 to see that

var(T) < 11 =l (1+ l) 2 ( - ) (A.1.4)

k nom k\n2 nm

C 1
Ir+a+nlas /S sy

E ~
1
|Bff| + |ng| + |th| + |th| 5 5 E

<2C

where we use the trivial bounds

Q=]

1
A+ Aggn + Anpg S =11 = 9ll3 S EHf — gl
C

~k
2 1
Apro+ Aggo S (E) S =
Applying Chebyshev’s inequality and looking at each term separately in (A.1.4) and using
that ||f — g|l2 > ¢/(2Vk) yields the desired bounds on n,m.
The diagonal. While the above test using TL_Fd already achieves the minimax optimal

sample complexity, here we show for completeness that the diagonal D, defined in (A.1.2),
can be included without degrading the test’s performance. Indeed, we always have

D= 33 (X = i - 1Y, = i)

i€[r] j€[n]

=0.

Therefore, trivially, the test 1{71 ¢ > 0} has the same performance as the one analyzed
above. O

A.1.2 The class Py

Proposition A.1.3. For every C > 1,8 > 0 and d > 1 there exist two constants c,c, > 0
such that

Reir(6, Pu(B,d,C),B.) D c{m > 1/e,n > 1/ePFTUDIE mp > 1/2@042/51 - (A.1.5)

where B, = {v € Pu(B,d,C) : ||lv — ulla < cre}.
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Proof. Choice of 1 and ¢. Take X = [0,1]%, let u the Lebesgue measure on X. Let
{¢i}1<i<xa be the indicators of the cells of the regular grid with x¢ bins, normalized to have
L?(p)-norm equal to 1, that is, the indicator is multiplied by x¢, which is one over the volume
of one grid cell. By [10, Lemma 7.2| for any resolution » = k% and u € C(8, d, 2C) we have

1P (w)]l2 > erllully — con™® (A.1.6)
for constants ¢y, cy > 0 that don’t depend on r. In particular, the inequalities

C
1P (u)]|2 = §1||UH2 (A.1.7)

22>1/B.

holds for any ||ul|s > € provided we choose k = <Cl€

Applying Proposition A.1.1. Recall the notation of Proposition A.1.1 so that f, g, h
are the p-densities of Px, Py, Pz. We analyse the performance of the test IL{T,__Fd > 0} under
the null hypothesis, the proof under the alternative is analogous. Let the radius of robustness

1/8
be ¢, = ¢1/4, and set Kk = <2ﬂ> . Then we have

cle

Cr Cr
15:(f = D)l < ere = S If = gll2 = C—1|\Pr(f = 9)l2
by taking u = f — g in (A.1.7). Using the reverse triangle inequality we obtain

12:(a = )1 = 127 = W13 = (P = )l = NP (F =)o) = 157 = W3
= 1BF = DIE = 21P:(f = 92l Po(f = W
> P (f = 9)l30 - 220)

= 12:(f = 9)ll2/2

Combining the above inequality with Proposition A.1.1, we see that —ETL_F‘JI > ||P(f —
9)||3/2 + R where the residual term R can be bounded as

2 2
R| = ’I|f||2 llgll2
n

ol =l
n

Therefore, the inequality —ET,* > || P.(f — g)||3/4 holds provided 2C||f — gll2/n < || P.(f —
9)||3/4, which in turn is implied by n 2> 1/e and is thus always satisfied.
Turning to the variance, using Proposition A.1.1 we obtain

vmawwswxf—mm<%+%)+eWBQ§+5%), (A18)
where we apply the trivial inequalities
If +g+nl: VO <1
|Bff| + |ng| + |th| + |th| f, Cr=Cr?= e_d/ﬁ

Agpn + Aggh + Angg S CIP(f = 9)ll S IP(f = 9)II2
Afgo+ Aggo S C* S 1.
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Applying Chebyshev’s inequality and looking at each term separately in (A.1.8) and using
that [|P.(f — )l = IIf —gll2 > IIf — gl > 2¢ ylelds the desired bounds on n, m.

The diagonal. While the above test using TLF already achieves the minimax optimal
sample complexity, for completeness we also note that including the diagonal terms D defined
in (A.1.2) doesn’t degrade performance. This follows from the simple fact that D = 0, which
is true for reasons analogous to the case of Ppy, that we already covered. O]

A.1.3 The class Pg

Proposition A.1.4. For all s,C > 0 there exists a constant ¢ > 0 such that
Ror(e, Ps(s,C),B.) De{m>1/e,n > 1/ D/ mn, > 1/62(28+1/2)/8} ,

where B, = {pe : 0 € E(s5,C), |0 — |2 < €/4}.

Proof. Choosing ;. and ¢. Let X = RN be the set of infinite sequences and take as the
base measure p = ®3F N (0, 1), the infinite dimensional standard Gaussian. For 6 € % write
po = @2 N (0;,1) so that jg = p. Take the orthonormal functions ¢;(z) = z; in L*(u) for

1 > 1, so that
d,ue) Z
x;0;.
( =1

Let 0,0 € E(s,C) with TV(ug, per) > €. By direct computation we obtain

d dpug .
1 (= H ) 18 = 00 = =13 = S0 0% = [0 -
L

i=1 i>r
(A.1.9)
In particular, the inequality

dpg  due
17 (52 - ) g > 1o - o1 (A110)

holds for all 8,0" € £(s,C) with ||§ — #'||s > €, provided we take r = (4C/¢)"/*.

Applying Proposition A.1.1. Recall the notation of Proposition A.1.1, and let f, g, h be
the p-densities of Px = pg,, Py = ptg,, Pz = j1g, respectively. We analyse the test ]1{TL’Fd >0}
only under the null hypothesis, as the analysis under the alternative is analogous. Note also
that by Lemma A.2.2 the inequality

0—¢
TV (j10, r) < Hpt 10r) = /2(1 — exp(— 116 — 0'3/8)) < < 10=01. ' l2
holds for any 6,6’ € ¢*. Therefore, we have

¢~ Vo) _ 0=k _ [P =9l
4 4 - 8 - 4

by (A.1.10).
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By the reverse triangle inequality we have

1P-(g = )5 = I1P-(f = W5 = (I1P(f = 9)ll2 = I1Po(f = W)l2)* = 1P (f = W3
= [|1B(f = 9z = 20P:(f = D20 P(f = )l
> |P(f = 9)ll3/2

Combining the inequality above with Proposition A.1.1, we see that —ET 2 > || P.(f —
9)|13/2 + R, where the residual term R can be bounded as

12O = 15913

n

ool =9l
n

|R| =

Therefore, —ET > || P.(f — 9)||2/4 provided 2C||P.(f — g)|l2/n < || P.(f — g)||3/4, which in
turn is implied by n 2 1/e and is therefore always satisfied.

Let us turn to the variance of the statistic. Let u, v, t be the u-densities of the distributions
L, g, pon for some vectors 6,60',0" € E(s,C') in the Sobolev ellipsoid. Straightforward
calculations involving Gaussian random variables produce

Aue = Y (1(i = ) +6,6;)(6; — 6))(8; — 0)) < (1+ C*)|| (v — t)]I3
ij
Y TACESFY eS|

1
full: = exp 31012) < exp(C?/2) 5 1

T

Bu =) (1 + 02407+ 06,0, Z eje’j)
1

i=1 j=
<r+20?%+0c*
<

Applying Proposition A.1.1 tells us that

n?  nm

T S I -0l (5 + o)+ (o) (AL1)

Applying Chebyshev’s inequality and looking at each term separately in (A.1.11) and using
that TV (ue, o) S || B-(f — g)|| yields the desired bounds on n, m.

The diagonal. While the above test using T,__FG| already achieves the minimax optimal
sample complexity, for completeness we show that including the diagonal terms D defined in
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(A.1.2) doesn’t degrade performance. To this end we compute

ED =€ 3" 37 (620X) - 62(1))

i€[r] j€[n]

_ 1 2 2
=S - )

i€[r]

1
EHQX + Oy |2 Z(Qx,z’ —Ov,;%)

i€(r]

IA

ool P =9l
n

We see that |[ET | > |[ED| as soon as n > 1/e. Turning to the variance, we have

var(D) = =2 3™ (var(62(X.) + var(63(11)))

i€(r]
2
< e

Y

n3 "’

and so the diagonal terms do not inflate the variance by more than a constant factor.
Therefore, the sample complexity of the test is unchanged. O

A.1.4 The class Pp

Proposition A.1.5. Leta =1V (% A %) There exist constants c,c’,c, > 0 such that

c
P — " dm>1/E 0> VEa/E mn > ka/é
Rue(e, Po(k),B.) D 0 {m >1/e",n > Vka/es,mn > kafe },

where By, = {v : ||[u—v||s < cre/VE, ||v/ullos < ¢}

Proof. Choosing i and ¢. As for Ppy, we take X' = [k], u = Zle 0, $i(J) = 1g=jy and
r = k. By the Cauchy-Schwarz inequality ||h||; < v/k||hl|s for all h € R¥.

Reducing to the small-norm case. Before applying Proposition A.1.1 we need to
‘pre-process‘ our distributions. For an in-depth explanation of this technique see [64, 80].
Recall that we write f, g, h for the probability mass functions of Px, Py, Pz respectively, from
which we observe the samples XY, Z of size n,n, m respectively. Recall also that the null
hypothesis is that ||f — hlls < ¢.e/vEk while the alternative says that ||g — k|2 < cre/V,
with || f — g||2 > 2¢/Vk guaranteed under both. In the following section we use the standard
inequality P(A — 2 > Poi())) < eXp(—%f—_im)) valid for all # > 0 repeatedly. We also utilize
the identity

1 1 if A =0
E|l——| = . A1.12
[Poi(A) + 1} { e if A >0, ( )

which is easily verified by direct calculation. Finally, the following Lemma will come handy.
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Proposition A.1.6. /80, Corollary 11.6] Given t samples from an unknown discrete distri-

bution p, there exists an algorithm that produces an estimate ||p||3 with the property

= 1 3 1
=] 2 - 2 Y 2\\ <
(lpllz ¢ Gllpll: Slpl) < oot

where the implied constant is universal.

First we describe a random “filter" F' : Pp(k) — Pp(K) that maps distributions on [k]
to distributions on the inflated alphabet [K7]. Let (nx,ny,nz) = 3(n Ak,n A k,m A k) and
let NX ~ Poi(ny/2) independently of all other randomness, and define NY, N* similarly.
We take the first NX, NY, N? samples from the data sets X, Y, Z respectively. In the event
NXV NY > n or N? > m let our output to the likelihood-free hypothesis test be arbitrary,
this happens with exponentially small probability. Let NX be the number of the samples
X1, ..., Xnx falling in bin i, so that N* ~ Poi(nxf;/2) independently for each i € [k], and
define N)Y, N# analogously. The filter F is defined as follows:

divide each support element i € {1,2,..., k} uniformly into 1+ N + N, + N7 bins.
The filter has the following properties trivially:

1. The construction succeeds with probability > 1 — 3exp(—n A m A k/16), focus on this
event from here on.

2. The construction uses at most ny, ny, nz samples from X, Y, Z respectively and satisfies
K <5k/2.

3. For any u,v € Pp(k) we have TV(F(u), F(v)) = TV(u,v) and [|[F(u) — F(v)|2 <
[ IPY

4. Given a sample from an unknown v € Pp(k) we can generate a sample from F'(u) and
vice-versa.

Let f =: F(f) be the probability mass function after processing and define g, h analogously.
By properties 1 — 2 of the filter, we may assume with probability 99% that the new alphabet’s
size is at most 5k/2 and that we used at most half of our samples X, Y, Z. We immediately

get 2¢ < ||f =gl = If =glh < v/5k/21f = gllo and [|f = hllz < [|f = hllz, 1§ —All2 < [lg—h]..

Notice that f
A iJi
vZf@gZ Zl+N§<+NZY+NZ.Z
1€[K] 1€[k]

holds, and similar statements can be derived for the inner product between f , h etc. Recall

that we set
{o )
a=max<4 l,min< —, — .
n'm
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Adopting the convention 0/0 = 1 and using (A.1.12) we can bound inner products between
the mass functions as

B = Jihi + gihi 8 _ 8«
E (B + Bya] = [(7) -+ (oh) <4§{;} (rA BT+ 90 + (m AR~ (nvm) Ak K

fi+9;
E (B + Bya] = |IIF15 + alls| <43 - a <
[ ] ic[k] (mAER)fi+g)+(mAk)h — nAk
h? 4
Elh)3 <4 < '
H ||2 Z (MAE)fi+g)+(mAE)h; — mAEk

i€[k]

By Markov’s inequality we may assume that the inequalities in the preceding display hold
not only in expectation but with 99% probability overall with universal constants. Notice
that under the null hypothesis ||f — Al2 < c¢/Vk and thus ||flls < ||A]2 + ce/VE <
1 fll2 + 2¢.¢/Vk, and similarly with f replaced by § under the alternative. We restrict our
attention to ¢, € (0, 1 so that ¢, is treated as a constant where appropriate. Notice that

e/Vk < 1/4/( n\/m k holds trivially. Thus, we obtain ||f|l2 V |[h]2 < ¢/\/(m V n)
under the null and ||g||2 V||hlla < ¢/y/(nV m) Ak under the alternative for a umversal

constant ¢. We would like to ensure that

1Fll2 v 1131l v l1Alle S (A.1.13)

1 Y
VimvVn)Ak k-
To this end we apply Proposition A.1.6 using (n/4 n/4) of the remaining, transformed

but otherwise untouched X,Y samples. Let H I3, H g3 denote the estimates, which lie in
IIF113, 3171 and (3)95. g\lgll ) respectively, with probability at least 1 — O((|f]lz" +

HgH;l)/n) >1- (’)(\/E/n), since || f]l2 A ||gl]2 > +/2/(5k) by the Cauchy-Schwarz inequality.
Assuming that n > +/k this probability can be taken to be arbitrarily high, say 99%. Now
we perform the following procedure: if || f||2 > 2¢2/((n VvV m) A k) reject the null hypothesis,

otherwise if H/QW% > 3¢2/((nV m) A k) accept the null hypothesis, otherwise proceed with the
assumption that (A.1.13) holds. By design this process, on our 97% < probability event of
interest, correctly identifies the hypothesis or correctly concludes that (A.1.13) holds. The
last step of the reduction is ensuring that the quantities Az, Aoop, A 2, Ao, Aggo are small.
The first two and last two may be bounded easily as

A, + Aggi = (F(f=n)* + (33 —h)*)
<N Fll2llf = BIZ + Gl2llg — RlI3
< IF = 2l5 + 11 = hlI3
- (nvm) Ak (A.1.14)

<||f~—g||%—|—6362/k3< ||f_g||% \/7Hf_ ||
oV avm)Ak T/ (nvm) Ak ?

N ~ - ~ 3/2
Aggo+ Ao = |FIS + 1315 < 1713 + 1013 S oy = (7)

153



To bound Aj 73 we need a more sophisticated method. Recall that by definition

(fi — 9:)
Ao =2 (1+ NX+ NY + N7)2'

i€[k]

Fix an i € [k] and let P = NX 4+ NY + N# ~ Poi((n A k)(f; + g:)/4 + (m A k)h;/4) and take
a constant ¢ > 0 to be specified. We have

5 1 Lol 1 0 if EP < clog(k)
>
(1 T p ~ closl )EP> P(EP— (EP (1= ;i) +1) > P) #EP > clog(k

)
Assuming that ¢ is such that EP > clog(k) and taking k large enough so that clog(k) > 2,
we can proceed as

p (EP— (EP (1 . ) n 1) - p> < exp(__(EP<1 - clog(kQ +1)? )

clog(k) 2 EP(2 - log( Toe) T 1
1
< ——EP
< exp(=1EP)
1
< fc/16°

Choosing ¢ = 32 and taking a union bound, the inequality

. log(k) 3 (fi — 9)° _ 10g( )||f
i S mAk.e[k]1+N}+N)’+NZ
holds with probability at least 1 —1/k. Using that [|2/f || A[[h/gllec < 1 by assumption, we

obtain Aj 7 S l‘f/\z) |/ — g||? similarly. Combining the two bounds yields

gll

lo lo Qs
Aigy & o 17 - g1 = 2P - g (A115)

To summarize, under the assumptions that n > vk, and at the cost of inflating the alphabet
size to at most gk and a probability of error at most 3% + %, we may assume that the
inequalities (A.1.13), (A.1.14) and (A.1.15) hold with universal constants.

Applying Proposition A.1.1. We only analyse the type-I error, as the type-II error
follows analogously. As explained earlier, we apply the test 1{7, L_Fd > 0} to the transformed
samples with probability mass functions f, g, h. Note that taking ¢, small eonugh shows that

g =Rl = 1If = Rl3 2 1f = all3
for a universal implied constant. Therefore, by Proposition A.1.1 we see that —ET, L_Fd >

c||f — ||3 + R for some universal constant ¢ > 0, where the residual term R can be bounded
as

FII5 — l1gli3
|R|:'u 13— lal3
n

o =gl

~ny/EA(mVn)
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where we used (A.1.13). We have —ET;# > || f—g||3 provided n = 1/(|| f—=glla/k A (m V n)) =<
Va/e, which we assume from here on. Plugging in the bounds derived above, the test

1{T ¢ > 0} on the transformed observations has type-I probability of error bounded by 1/3

provided
P 1 o, = 1log(k)a, = . a1 1
—glE> =, /= |- —all2 e = —

n2

for a small enough implied constant on the left. Looking at each term separately yields the
sufficient conditions

1 V
m 2 og(f‘)a and nZ> /za and  mn 2 kf(f. (A.1.16)
€ € €

(1)

The final step is to check that the sufficient conditions in (A.1.16) are implied by what is
indicated in the statement of Theorem 2.3.3. Recall from the statement of the Theorem, that
it states that
log(k) Vka S klog(k)a

>
2 and nz 5 and mn 2 2

m> (A.1.17)

€

is sufficient to successfully perform the test, where we have replaced the generic 2oqk)
notation with the precise dependence on log(k) that we require. Note that the only difference
between (A.1.16) and (A.1.17) is the condition on m, that is, the first term in the equations
(A.1.16) and (A.1.17). Suppose now that (A.1.17) holds, and let us split this discussion into

cases.

1. Suppose max{m,n} > k. In this case « = 1, and (I) is implied by m = log(k)/e*. For
this the first condition of (A.1.17) is clearly sufficient.

2. Suppose n < m < k. In this case a = k/m, and (I) is implied by m 2 \/klog(k)/e.
By the third condition of (A.1.17) we know that m?n > k?/e*. Using that n < m, this
implies that m > k%3 /e*/3, which is clearly sufficient.

3. Suppose m < n < k. In this case o = k/n, and (I) is implied by mn 2 klog(k)/e*. By
the third condition of (A.1.17) we know that mn? > k*log(k)/e*. After noting that
n < k we get mn > klog(k)/e*, which is sufficient.

The diagonal. See the discussion at the end of the proof for Ppy. O

A.2 Lower bounds of Theorem 2.3.2 and 2.3.3

Let M(X) be the set of all probability measures on some space X', and P C M(X) be some
family of distributions. In this section we prove lower bounds for likelihood-free hypothesis
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testing problems. For clarity, let us formally state the problem as testing between the

hypotheses
= {PY" @ P§" @ PY™ : Px,Py € P, TV(Px,Py) > ¢}

Versus (A.2.1)
Hy = {Pg" @ PE" @ PS™ : Px,Py € P, TV(Px,Py) > }.

Our strategy for proving lower bounds relies on the following well known result proved in the
main text.

Lemma A.2.1. Take hypotheses Hy, Hy C M(X) and Py, P, € M(X) random. Then

1nf max sup P #1i) >

=0,1 pep;

(1-TV(ER,,EPR)) ZP

l\l)l»—l

where the infimum is over all tests ¢ : X — {0,1}.
The following will also be used multiple times throughout:

Lemma A.2.2 ([198, Lemmas 2.3 and 2.4|). For any probability measures Py, Py,

1
ZH4(Po, P1) < TV2(Pg, P1) < H3(Py, Py) < KL(P|P1) < x*(Pol|Py).

Note that some of the inequalities in Lemma A.2.2 can be improved, but since such
improvements have no effect on our results, we present their simplest available version. The
inequalities between TV and H are attributed to Le Cam, while the bound TV < /KL/2
is due to Pinsker. The use of the y?-divergence for bounding the total variation distance
between mixtures of products was pioneered by Ingster [113], and is sometimes referred to as
the Ingster-trick.

In our bounds we will also rely on the following simple technical result.

Lemma A.2.3. Suppose that a,b,c >0 and N = (Ni,..., N}) ~ Multinomial(n, (3, .., ).
Then
En H (a+b(1+c)™) < (a + be™F)k.

JElk]

Recall that the necessity of m 2 npt(e, P) and n 2 ngoe(€, P) were shown in Propo-
sition 2.3.1. Thus, most of our work lies in obtaining the lower bound on the product
mn.

A.2.1 The class Py

Proposition A.2.4. For any > 0,C > 1 and d > 1 there exists a finite ¢ independent of €
such that

cfm > 1/ n > e BFHD/B mp > 220+ SR (e, Pu(B, d, C))

for all e € (0,1).
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Proof. Adversarial construction. Take a smooth function h : RY — R supported on of
[0, 1]% with f[o,l]d z)dz = 0 and f r)?dz = 1. Let > 1 be an integer, and for j € [x]?
define the scaled and translated functlons h; as

hi(x) = k7?h(ke — j + 1).

Then h; is supported on the cube [(j — 1)/k,j/k] and f[O,l]d hj(z)*dz = 1, where we write
j/k = (ji/k,...,ja/K). Let p> 0 be small and for each n € {—1,0,1}*" define the function

©)=1+p Y nhy(2)

je(x)d

In particular, fy = 1 is the uniform density. Clearly f[o 1 fp(x)de = 1, and to make it
positive we choose p, k such that pr?/?||h|s < 1/2. By [10], choosing

28 < Cf(dl|hlewss v 2[[Alleisin) (A.2.2)

ensures that f, € P(8,d,C). Note also that || f, — 1||; = pr?2. For € € (0,1) we set k =< ¢~1/8
and p = ¢@8+d/28) These ensure that (A.2.2) and TV(f,, fo) = € hold, where as usual the
constants may depend on (B,d,C). Noting that ||\/f, — 1]l2 < || fy — 1|l1 2 €, we immediately
obtain that m > 1/¢? is necessary for testing, by reduction from binary hypothesis testing
(2.3.1). Observe also that for any 1,7/,

o fo(@) fr (z)dz = 1+ p*(n, 1) (A.2.3)

which will be used later.

Goodness-of-fit testing. Let 1 be drawn uniformly at random. We show that
TV(f&" E f,?”) can be made arbitrarily small provided n < e~(#+4/2/8  <which yields a
lower bound on n via reduction from goodness-of-fit testing (2.3.3). By Lemma A.2.2 we can
focus on bounding the x? divergence. Via Ingster’s trick we have

X E L 5 + 1 = / (%an(%)) dzy - - -dzy,

[0,1]¢x---x[0,1]4

“E, ( fn<x>fnf<x>dx) ,
i=1 \J[0,1]¢

where 1,7’ are i.i.d.. By (A.2.3) and the inequalities 1 + z < €%, cosh(z) < exp(x?) for all
r € R, we have

(1020, n))"
< EW exp(n02<77, )
= cosh(np®)™
< exp(n®p*r?).
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Thus, goodness-of-fit testing is impossible unless n > p~2k~4? < 1/e28+d/2)/5,

Likelihood-free hypothesis testing. We are now ready to show the lower bound on the
product mn. Once again 1 € {£1}** is drawn uniformly at random and we apply Lemma
A.2.1 with the choices Py = f;?” R f;?m against P, = fr‘?" ® f&"™. Let Po xvz, Pixvz
denote the joint distribution of the samples X, Y, Z under the measures EF,, EP; respectively.
By Pinsker’s inequality and the chain rule we have

TV(Poxyz, Pixvz)” = TV(Po xz,Pixz)’
< KL(Po,xz||P1.x2)
= KL(Po,z|x ||P1,21x|Po,x) + KL(Po,x||P1,x),
T
where the last line uses that the marginal of X is equal under both measures. Clearly Py zx
is simply Unif([0, 1]")®™ and Py x, Py zx have densities E, fim and By x f7™ respectively.

Given X, let ' be an independent copy of 1 from the posterior given X. By Ingster’s trick
we have

KI—(PO,Z|XHP1,Z\X|PO,X) S X2(PO,Z\X||P1,Z|X|PO,X)

= -1+ EX / En|XE17’\X H fn(zi)fn/(zi)dzl .. dzm
[0,1]4x---x[0,1]¢

i=1
= —1+E;(1+ P> ()™,
where the last line uses (A.2.3). Let N = (Ny,...,N.) be the vector of counts indi-

cating the number of X; that fall into each bin {[(j — 1)/k,j/K]};eje. Clearly N R
Multinomial(n, (73, . .., 7)). Using that 7,7, depends on only those X; that fall in bin
j and the inequality 1 + z < exp(z) valid for all z € R, we can write

X’(Po.zix IP1zixPox) + 1 < ExEpyy [ exp(p®mnn))

€[k
=Ey H By v exp(pzmnjn;).
jElx]¢
We now focus on a particular bin j. Define the bin-conditional densities
P = KL £ plg) L1 /), (A.2.4)

where we drop the dependence on j in the notation. Let X =: (X; ;... 7X2'N].) be those X;
that fall in bin j. Note that {4;,...,iy,} is a uniformly distributed size N; subset of [n] and
given N;, the density of X ,. .. , Xiy, 1 %(p?Nj +p?Nj). We can calculate

P(njn; = 1IN;) = Exiyw,Plnym; = 11X )
= Exoy, [Py = IXD)? +P(n; = —1|X )]
Nj N;
1087+ 507 )2]

=Exon, [ ®N; | ®N,
j i(p+ iy B2

=5+3 (XQ(pf 3G +p2) P2 50 + 52 J)))-

W
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By convexity of the x? divergence in its arguments and tensorization, we have

1 1 QNj ) ®Nj ®N;
Pl = 1IN) < 5+ 5 (CEEV 16™) + 07 [p2™))
1 1 ha(x))? N;
Ly (e reir
S G-1)/mgfn L —wphy(x)

Using that p||h;||« < 1/2 by construction, we have

/ (1+ph( )2 / 4p2h2( )
— " dx
G-mge L —phi(e) G-1)/mife] L — P(T)

+ 8p?

The same bound is obtained for the other integral term. We get

X*(Po,z1xIP1,21x|Pox)+1 < Ex H <4 (ep " eip%) (1+ (14 8p*x")N) + €p2m> = (1)

jeE(x]d

The final step is to apply Lemma A.2.3 to pass the expectation through the product. Assuming
that m Vv n < p~2 < e 8+d/8 for a small enough implied constant, using the inequalities
e <l4+zx+2’1—2<e®<1—x+2%/2valid for all z € [0,1], and Lemma A.2.3, we
obtain

(1) < (e —p*m le <602m _ 6—p2m> (1+ 6802n))nd
< (1 + cp*mn)™
< exp(cp*kimn)

for a universal constant ¢ > 0. Therefore, if m VvV n < e~ ?#+4)/8 likelihood-free hypothesis
testing is impossible unless mn > p~x = < 1/2(26+4/2)/8,
Suppose now that m VvV n > e~ (?5+4/8 instead. We have two cases:

1. If n > ¢ 20+4/8 then from Proposition A.1.3 we know that m < 1/€? is enough for
achievability. However, by the first part of the proof we know that m > 1/¢* must
always hold, which provides the matching lower bound in this case.

2. If m > ¢ ?8+d/8 then we can assume m > n also holds, otherwise the first case
above would apply. From the goodness-of-fit testing lower bound we know that n =
¢~ (26+d/2)/8 must always hold, and from Proposition A.1.3 we know that (m,n) <

(e-(28+d/2)/B ¢=(26+d/2)/B) i achievable, so we get matching bounds in this case too.

Summarizing, we've shown that for succesful testing m > 1/e2,n > 1/e28+4/2)/8 and
mn > e 220+4/2)/8 must hold, which concludes our proof. O
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A.2.2 The class Pg

Proposition A.2.5. For any s,C > 0 there exists a finite constant ¢ independent of € such
that
c{m > 1/62,71 > 6_(28+1/2)/8, mn > 6_2(2S+1/2)/S} ) RLF(E, PG(S, C))

for all e € (0,1).

Proof. Adversarial construction. Let v € ¢! be a non-negative sequence, and let 6 ~
@521 N (0,7%). Define the random measure g = @52, N'(0;,1). Let € € (0,1) be given. For
our proofs we use

(2s4+1)/s forl1 < k< —1/s
= {Cle OrEs e (A.2.5)

0 otherwise

for appropriate constants ¢, co. Recall our definition of the Sobolev ellipsoid £(s,C') with
associated sobolev norm || - ||s. We have

02671/5
(EHHHS) < EZJQSQQ _ ||\/_||2 — ¢ 625+1 /s Z ]23 < e 623+1
M H9H2
TV(P.,,Py) > —=
(Py.Po) 2 =505

where last line holds by [61, Theorem 1.2].
First, we need to verify that our construction is valid, that is, that P, € Pg(s,C) and
TV(P,,Py) > € with high probability. For standard Gaussian Z ~ N(0, 1) it holds that

Eexp(A(Z% — 1)) < exp(2)?)

for all |A| < 1/4. Therefore, for a sequence of independent standard Gaussians 7, Zs, ... we
get

E exp AZ% ) < exp(2X°[17]3)

for all [A| < min;(4v;)™! = ¢;'e"@+D/5/4. Assuming that c;e®+V/s < ||y, standard
sub-Exponential concentration bounds imply that there exists a universal constant c3 > 0
such that

cat
C3
P(ION5 — EN0ll; < —t) < exp(—7—-)
1712
for all t > 0. Since E[|6]12 = ||7]l1 = c1c2¢?, and ||7]|2 = cac2e 5, we can set t = 10113 to get

1 1 s
(H9H2 —01026 ) < exp(—écg\/ae 1/(2 )>.

Now choose ¢; and ¢y to satisfy

100, et = C and cre9 = 2. (A.2.6)
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and e small enough to satisfy
cr Vs <yl = Ve e e® YA and —03\/5 e 129 > 1og(100).

Long story short, these conditions ensure that P(u, € Pg(s, C), TV(iy, o) > €) > 0.98 for
all € small enough in terms of C' and s, and therefore we can proceed to computation using
Lemma A.2.1.

Note that we immediately get the binary hypothesis testing lower bound m 2 1/€* via
our reduction (2.3.3), as H(uo, . 5) < TV (to, b /5) = V2¢ by Lemma 2.3.5 and the choice
(A.2.6).

Goodness-of-fit testing. We show that TV (", Ex2™) can be made arbitrarily small
as long as n < 1/e5T1/2)/s which yields a lower bound on n via reduction from goodness-
of-fit testing (2.3.3). Let us compute the distribution E,uf?". By independence clearly
Eps™ = @32 1Eon(0,5,) N (0, 1)®". Focusing on the inner term and and dropping the subscript
k, for the density we have

n

Eon0) [W exp(—% > (- 9)2>] o exp(— |’3;"2)Eexp<—g(92 — 201)),

Jj=1

where we write ¥ =: %Z ;T Looking at just the term involving #, we have

n 1 1 1n
Eexp(—— (6 — 207 —(0%(n + =) — 20n7 - .
exp( 2(9 0z)) o /exp( 2(9 (n + 7) Onz))do o exp(szr %)

Putting everything together, we see that Eufm = @y, N(0, (Id,, —
using Lemma A.2.2 we obtain

re-1,15) 7). Thus,

V(5" ™) < ZKL(N(O,Idn)HN(O,(Idn—1:’;%]17111)_1))

k=1
1 — Yk +log(1 + )

= — — o) n

2 e b1 08 T
k=1

I <= n?y2

< <

_2;1—!—71% ;n

Taking v as in (A.2.5) gives
TV2( 7E//J ) < n262(28+1/2)/8.

Thus, goodness-of-fit testing is impossible unless n > 1/e2571/2)/s ag desired.
Likelihood free hypothesis testing. We apply Lemma A.2.1 with measures Py =
A e @ ps™ and P = pf" @ ™ @ p$™. By an analogous calculation to that in the

161



previous part, we obtain

. 1,17 0 1,17\ |
ER = ®20:1N <Oa (|d2n+m - 1 0 0 0 ) > = ®20:1N(0a EOk)
ntmt s \1,17 0 1,17

L (Ll 0 0\
0 00

By the Sherman-Morrison formula, we have

1,17 0 1,17
Yok = ldonym + Vi 0o 0 0
1,17 0 1,17

Therefore, by Pinsker’s inequality and the closed form expression for the KL-divergence
between centered Gaussians, we obtain

TV*([EPy,EP)) < KL(ER||EP,)

m—log ( 1+ )
2 (7’“ g( vk(n+m>+1>)

Once again we choose 7 as in (A.2.5). Using the inequality log(1 + x) > x — 2% valid for all
z > 0 we obtain

= X

TV2(EPy,EPy) < e 22412/5(m2 4 mp).

Therefore, likelihood-free hypothesis testing is impossible unless m > e~ 2s+1/2)/s or pm >
€ 2(2s+1/2)/s - Note that we already have the lower bound n > e (2+1/2)/s by reduction
from goodness-of-fit testing (2.3.3), so that m > ¢ (2s+1/2)/s automatically implies nm >
e~ 2(2s+1/2)/s - Combining everything we get the desired bounds. O

A.2.3 The classes Pp, and Pp

Our first result in this section derives tight minimax lower bounds for the class Ppp,. Since
Pp D Ppp these lower bounds immediately carry over to the larger class. However, to get tight

lower bounds for all regimes for Pp, we have to prove additional results in Propositions A.2.7
and A.2.9 below.

Proposition A.2.6. For any C' > 1 there exists a finite constant ¢ independent of € and k,
such that

c{m > 1/,n > VE/&,mn > k/e'} D Rie(e, Poo(k, C)) 2 Rir(e, Po(k))

for all e € (0,1) and k > 2.
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Proof. The second inclusion is trivial. For the first inclusion we proceed analogously to the
case of Py.

Adversarial construction. Let k be an integer and € € (0,1). For n € {—1,1}* define the
distribution p, on [2k] by

1
%(1 + nje€)

1
py(27) = %(1 — 7€),

(25— 1) =

for j € [k]. Clearly H(p,,po) < TV(py,po) = €, where p, = Unif[2k], so that by reduction
from binary hypothesis testing (2.3.3) we get the lower bound m > 1/€%. Observe also that
for any n,n' € {£1}*,

Z Po(J)py (J zlk( + ‘ <7Z 77/>). (A.2.7)

JE[2K]
Goodness-of-fit testing. Let 1 be uniformly random. We show that TV(p3", Epf?") can

be made arbitrarily small as long as n < vk /€2, which yields the corresponding lower bound
on n by reduction from goodness-of-fit testing (2.3.3). Once again, by Lemma A.2.2 we focus
on the y? divergence. We have

X2(Ep§n”p(?n) +1= Z ' Hpn (J)pw (Ji)

JE[2k]™

2< /
77a77> n
:Enn’(1+ k )

< exp(n®e'/k)

where the penultimate line follows from (A.2.7) and the last line via the same argument as in
A.2.1. Thus, goodness-of-fit testing is impossible unless n 2> Vk k/e2.

Likelihood-free hypothes1s testing. We apply Lemma A.2.1 with the two random
measures Py = pn” @ p"t @ p®m and P, = pn” ®p ®("+ ), Analogously to the case of Py,
let Po xvz,Pixvz respectlvely denote the dlstrlbutlon of the observations X,Y, Z under
EF,, EP, respectively. As for Py, we have

TVZ(PO,XYZ7 Pixvz) < KL(Poxvz|P1,xvz)
< KL(Po,z1x|P1,21x |Po,x)-
For any X the distribution Py zx is uniform, and Pg 7 x, Po x have pmf En‘prfm and Enp;‘?”

respectively. Once again, by Lemma A.2.2 we may turn our attention to the y2-divergence.
Given X, let i’ have the same distribution as 1 and be independent of it. Then

X*(Po,zix |P1.21x|Pox) + 1 = (2k)"Ex Z EyxEyix Hpn(ji)pn/(ji)
je[2k]m i=1

M)
- E7777/(]‘ + l{j )

e2mm;n’;
< Eyy H exp(#),
JE[K]
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where we used Lemma A.2.7. Let N = (Ny,...,Ng) be the vector of counts indicating
the number of the Xi,..., X, that fall into the bins {2j — 1,25} for j € [k]. Clearly
N ~ Mult(n, (%, . %)) Let us focus on a specific bin {2j — 1,25} and define the bin-
conditional pmf

(l1+e) ifaw=2j—1,

(1Fe) ifx=2j

N|— N

p+(z) =

e}

otherwise,
where we drop the dependence on j in the notation. Let X; ,..., X N
falling in {2j — 1,2j}. Given Nj, the pmf of X;,,..., X;, is 303" +p=™). We have
n;1; € {£1} almost surely, and analogously to Section A.2.1 we may compute

Py = 1IN;) = Exi, Py = 11X)
= Exy, [P(y; = 11X)* + P(n; = —11X)’]

1 1 Nl N, N Nl N N
= 5+ 1 (P IR0 ) g 7))

be the /V; observations

2 4

1 1 N N N e
<5+ (O™ + 2627 12))

We can bound the two y2-divergences by

. . 1+ 3¢2 N
N N
XL IpE ) + 1= ( — )

< (1+ 33N,

provided € < ¢ for some universal constant ¢ > 0. Using Lemma A.2.3, we obtain the bound

e*mn;n;
EN H EVI77/|Nj exp(%)
JE[k]
<En TT (en(E™) — exp(= S92+ (1 4+ 28)%) + exp(— ™)
S N‘ 9 Xp 2 Xp 2 € XPp 2
J€E(k]
1 e2m e2m 2n e2m k
< (G = o=+ exn(2T) + exp(- )

Now, under the assumption that m V n < k/e? for some small enough implied constant, the
above can be further bounded by

e4mn

e )

<(l+c¢

< exp(

for a universal constant ¢ > 0. In other words, for n V m < k/e? likelihood-free hypothesis
testing is impossible unless mn > k/e*. The treatment of the case m V n 2> k/e? is straight-
forward, and entirely analogous to our discussion at the end of the proof of Proposition A.2.4,
so we won’t repeat it here. This completes the proof. O

164



This takes care of the class Ppp. To prove tight bounds for Pp in the large k regime, we
have to work harder. Our second lower bound, Proposition A.2.7 below, proves tight bounds
in the regime n < m and follows by reduction to two-sample testing Proposition 2.3.1.

Proposition A.2.7. There exists a finite constant ¢ independent of € and k,
ofm > 1/€, n*m > k*/e', n <m} D Ree(e, TV, Po) N2,

for all k > 2,¢ € (0,2), where N2

n<m

={(n,m) € N> : n < m}.

Proof. Follows from (2.3.6) and the lower bound construction in [25]. O

Valiant’s wishful thinking theorem.

For our third and final lower bound, which is tight in the regime m < n, we apply a method
developed by Valiant, which we describe below.

Definition 9. For distributions py,...,p; on [k] and (ni,...,n;) € N’ we define the
(ny,...,ng)-based moments of (p1,...,pe) as

for (ay,...,as) € N°.

Let p* = (pf,...,p}) and p~ = (py,...,p; ) be (-tuples of distributions on [k] and suppose
we observe samples {X},cy, where the number of observations in X® is Poi(n;). Let H*
denote the hypothesis that the samples came from p*, up to an arbitrary relabeling of the
alphabet [k]. It can be shown that to test H™ against H~, we may assume without loss
of generality that our test is invariant under relabeling of the support, or in other words,
is a function of the fingerprints. The fingerprint f of a sample {X (i)}iE[g] is the function
f N — N which given (ai,...,a,) € N® counts the number of bins in [k] which have exactly
a; occurences in the sample X ®.

Theorem A.2.8 ([200, Wishful thinking theorem|). Suppose that |pf|ee < n/ni for all
i € [€] for somen >0, and let m*™ and m~ denote the (ni,...,n;)-based moments of p*,p~
respectively. Let f* denote the distribution of the fingerprint under H* respectively. Then

TV(f*, ) < 2(e — 1) + ¢!/2+1083) [m™(a) —m~(a)] .
(707 < 20 )+ C;W\/l—i-rrﬁ (a) Vm=(a)

Proof. The proof is a straightforward adaptation of [200] and thus we omit it. m

Although Theorem A.2.8 assumes a random (Poisson distributed) number of samples, the
results carry over to the deterministic case with no modification, due to the sub-exponential
concentration of the Poisson distribution. We are ready to prove our likelihood-free hypothesis
testing lower bound using Theorem A.2.8.
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Proposition A.2.9. There exists a finite constant ¢ independent of € and k, such that

c{m > 1/e% n*m > k*/e', m < n} D Rip(e, TV, Po) NN

m<n

for all e € (0,1) and k > 2, where N2

m<n

={(n,m) € N> : m < n}.

Proof. We focus on the regime n < k, as otherwise the result is subsumed by Proposition
A.2.6. Suppose that e € (0,1/2), n = 0.01 (say) and n/n < k/2. Define v = n/n and let
p,q be pmfs on [k] with weight (1 — €)/y on [y] and k/4 light elements with weight 4e/k
on [k/2,3k/4] and [3k/4, k| respectively. To apply Valiant’s wishful thinking theorem, we
take p* = (p,q,p) and p~ = (p, q, q) with corresponding hypotheses H*. The (n,n, m)-based
moments of p* are given by

1 k ifa+c=0,0=0
na+bmcm+(a’ b, C) — (1;e a+b+c 4 (%)a—i-b—s—c% ifate=0xorbh=0
() fate>1b>1,
(K ifa=0,b+c=0
na+bmcm’(a, b,c) = 1 (f)a+b+c + (%)a+b+6§ ifa=0xorb+c=0
(559 ifa>1b+c>1.

By the wishful thinking theorem we know that

+(a7 bv C) -—m- (a7 ba C)|

TV(f*, f7) < 0.061 + 27.41 [m
U< Z V14 max(mt,m-)

a,b,ceN

Let us consider the possible values of |m™*(a,b,c) —m™(a, b, c)|. It is certainly zero if aAb > 1
or a =>b=c=0. Suppose that a = 0 so that necessarily b + ¢ > 1. Then

. - Ae b+ck
|m™(0,b,¢) —m~(0,b,¢)| = | — Zﬂ(b/\czl).

k

nbme

Using the symmetry between a and b and that 1 +m* v m~ > nPm((1 — €)/v)** ¢y (for
m* # m™), we can bound the infinite sum above as

nbmckjlf(b%ﬁ:) ebte
ez V/nbmey e (1 — )i

b+c—1
< Z b2 el (ﬁ) e

k
b,c>1

<

Y

166



Plugging in v = n/n < n, and using m < n < k, we obtain

1

6b—i—c
kb+cfl

TV(f*, f7) = 0.061 < Y nt*izme/?
b,c>1

S () () e

,C

2
ny/me bic
ST

b,c>0

2

where we use that € < 1/2. Thus, likelihood-free hypothesis testing is impossible for m < n
unless n?m > k?/e*. O

A.3 Proof of Theorem 2.3.6

A.3.1 Upper bound

We deduce the upper bound by applying the corresponding result for Pp as a black-box
procedure.

Theorem A.3.1 (|54]). For a constant independent of € and k,
nGOF<€, H, PD) = \/E/62.

Write G, for the regular grid of size /¢ on [0, 1]¢ and let P, denote the L2-projector onto
the space of functions piecewise constant on the cells of G,. For convenience let us re-state
Proposition 2.4.3.

Proposition A.3.2. For any 5 € (0,1], C > 1 and d > 1 there exists a constant ¢ > 0 such
that

cH(f,9) < H(P:f, Pag) < H(f,9)
holds for any f,g € Pu(B3,d,C), provided we set k = (ce)~2/7.

With the above approximation result, the proof of Theorem 2.3.6 is straightforward.

Proof of Theorem 2.3.6. Suppose we are testing goodness-of-fit to fy € Py based on an i.i.d.
sample X1, ..., X, from f € Py. Take x < ¢ 2/# and bin the observations on G,, denoting
the pmf of the resulting distribution as py. Then, under the alternative hypothesis that
H(f, fo) > €, by Proposition 2.4.3

€ S H(‘PlifO)PHf) = H(pfovpf)'

In particular, applying the algorithm achieving the upper bound in Theorem A.3.1 to the
binned observations, we see that n > v/kd/e? = ¢~ (20+4/5 samples suffice. O]
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A.3.2 Lower bound

The proof is extremely similar to the TV case, except we put the perturbations at density
level €2 instead of 1.

Proof. Let ¢ : [0,1] — [0, 1] be a smooth function such that ¢(z) = 0 for z < 1/3 and ¢(x) =
for > 2/3. Let h : R — R be smooth, supported in [0, 1]¢, and satisfy f[o . h(z)dz =0
and [ 0 h(z)*dz = 1. Given € € (0,1) let

dGa))
161l

which is a density on [0, 1]¢. For a large integer x and j € [k/3] x [k]?7! let

fo(z) =+ (1—€%),

hj(x) = k7*h(kx — j + 1)
for z € [0,1]%. Then h; is supported on [(j — 1)/k,j/k] € [0,1/3] x [0,1]%"" and [ A} = 1.
For n € {£1}/3XE" and p > 0 let

@) =fitp D mhye)

JE[R/3]x[k]41

Then f, is positive provided that €2 > pr?/2|h|o, < pr?/2. Further, || f,||lcs is of constant order
provided pr??t% < 1. Under these assumptions fn € Pu. Note that the Hellinger distance
between f, and fj is

H(fo. f) = Y. A%ﬂ@%ﬁ—%ﬂﬁzw

JElR/3]x[k]41

p*hi(x)
= Z / de
/a1 VP ¢h )+ v/ Fal®)
Z 2h2
= >
> L 5
]G[H/S]X : de
S PR _
~ 2

€

Suppose we draw 7 uniformly at random. Via Ingster’s trick we compute

n n f '/’U’L f xl
%@ﬁwﬁyuz/an"h; doy .. da,

e ([ 25 )
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Looking at the integral term on the inside we get

(fo(fv)+p >, mihi(@ )) (fo( )+ 2. 773-%(66))
Fol@) for (@) o / JEln/3X (R~ ! e/ 4
/ fo Jo(x)

=1+p2nj+77§-)/ )da + p me/f
1+p Z / z)2d
= 0t z

2
p
=1+ 6_2<7777]/>7

X

where we've used that f; and hy have disjoint support unless j = j', [h; =0, [h7 =1, and
that fo(z) = €2 for all z with z; < 1/3. Plugging in, using the inequalities 1 + z < exp(z)
and cosh(z) < exp(z?) we obtain

N

CE ™) + 1< (L4 S

l\'l

S Enn’ eXp(p <77 n >)

= cosh( ) w4/3

).

p n2/<ad

3et

< exp(

Choosing £ = e 2/# and p = ?#+9/8 we see that goodness-of-fit testing of f, is impossible

unless
€2 _28+d

> =
”szﬁd/z € £

A.4 Auxiliary technical results

A.4.1 Proof of Lemma 2.2.1
Proof. We prove the upper bound first. Let Py, P; € P be arbitrary. Then by Lemma A.2.2,
: Xm ; : Xm — Xm —
inf max PF"(¢) # d) < inf (PG™ (¢ = 1) + PY™ (¢ = 0))
=1 TV(RE P
1 m m
<1 SHAPE™.PE™) = (1)
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By tensorization of the Hellinger affinity, we have
H2(PF™ PY™) =2 — 2 (1 — %HQ(PO, Pl))m. (A.4.1)
Plugging in, along with 1 4+ x < e” gives
(1) < expl 4 (P PE™).

Taking m > 2log(3)/H?*(Pg, P;) shows the existence of a successful test. Let us turn to the
lower bound. Using Lemma A.2.2 we have
inf max P (v # 1) > o (1= TV(PG™, PY™))

>

N~ N~

(1 —=HPF™,PF™) .

Note that it is enough to restrict the maximization in Lemma 2.2.1 to Py,P; € P with
H2(Py,P;) < 1. Now, by (A.4.1) and the inequalities e72* < 1 — z valid for all z € [0,1/2]
and 1 — x < e * valid for all x € R, we obtain
1 m
(P P =2 -2 (1= SR Py

<2-— Qexp(—mHQ(Po, P1))
S 2mH2(P0, Pl)

Taking m = 1/(18H?*(Py, P;)) concludes the proof via Lemma A.2.1. O

A.4.2 Proof of Lemma 2.3.5

Proof. By standard inequalities between divergences (see e.g. Lemma A.2.2), omitting the
argument (pug, f19) for simplicity we have

TV <H < VKL < /x? = /exp(||0]13) — 1 < 10]]2

For the lower bound we obtain TV (ug, o) > min{1, ||0]2/200} = ||0]|2 by |61, Theorem
1.2]. O

A.4.3 Proof of Proposition 2.4.3

Let us write a; =: a V 0 for both functions and real numbers. We start with some known
results of approximation theory.

Definition 10. For f : [0,1]% — R define the modulus of continuity as

w(; f) = sup |[f(z)— f(y)l-

lz—yll2<6
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Lemma A.4.1. For any real-valued function f and § > 0,

W/ fr) < w(d; )2
Proof. Follows from the inequality |\/a; — /b1|? < |a — b| valid for all a,b € R. O
Lemma A.4.2. Let f:[0,1]* — R be B3-smooth for 3 € (0,1]. Then
w(d; f) < co?
for a constant ¢ depending only on || f||cs-
Proof. Follows by the definition of Hoélder continuity. n

Lemma A.4.3 (|156, Theorem 4|). For any continuous function f : [0,1]* — R the best
polynomial approzimation p, of degree n satisfies

3/2
1Pn = Fllo < cw (d ;f>

n
for a universal constant ¢ > 0.

Definition 11. Given a function f:[0,1]* = R, £ > 1 and j € [()%, let 7w of : [0,1]7 = R
denote the function
r+5—1
st (220

In other words, 7j,f is equal to f zoomed in on the j'th bin of the reqular grid G,.

Recall that here P, denotes the L? projector onto the space of functions piecewise constant
on the bins of G,. We are ready for the proof of Proposition 2.4.3.

Proof. Let k > r > 1 whose values we specify later. We treat the parameters 5, d, || f|lcs, ||gllcs
as constants in our analysis. Let u; : [0,1]? — R denote the (piecewise polynomial) function
that is equal to the best polynomial approximation of y/f on each bin of G,/ with maximum
degree a. By Lemmas A.4.1 and A.4.2 for any £ > 1 and j € [¢]?

W mi/f) S w(6/6F) S (6/0°7, (A.4.2)
so that by Lemma A.4.3

up — /Floo = sup |7ty — v/ F)loe

st/

S sup w(d?/asmy /)
e/l

< (ar/r) 72,
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Regarding r as a constant independent of x, o can be chosen large enough independently of
k such that |up — v/floo < c1k~P/% for ¢; arbitrarily small. Define u, analogously to us. We
have the inequalities

9) = IV F =l
< IWF = uglla + llug = uglla + [lug = v/l
< 2e187872 4 |Jugp — uglo-
We can write
gy —ugll5 = d Z 17 (g = wg) 13
jElr/r)¢

Now, by [10, Lemma 7.4] we can take r large enough (depending only on 3, d, || fllcs, [|g]lcs)
such that

1750 (up = tg)lla < Coll Py (s = g)ll2

where the implied constant depends on the same parameters as r. Thus, we get

H?(f,9) < 8cik _B+ d Z (| P70 (0 _ug)H%

Jj€lk/r]d
ssc%mﬂ et 2o (IBmiprus = [Pt 18+ P = /P )
J€lk/r]?

+ 6¢3H? (P f, P f),

where ¢, co depend only on the unimportant parameters, and ¢; can be taken arbitrarily
small compared to c;. We also used the fact that Pm; /. = 7./ P,. Looking at the terms
separately, we have

1Pttty = P 1l < I Pty oty = Py fllo + 1Py /s f = \J By f o
< ek P2 + ||Pr\/7Tj,n/rf - \/Prﬂ-j,n/er??

since P, is a contraction by Lemma A.4.4. We can decompose the second term as

1P/ Tssef = ) Prrsucse I =

Z/ (/[ N dx—\/rd/ g e )2:(T)~

ZE[T’]d T T

For z € [(¢ —1)/r,£/r] we always have

B
g ) = g )] < () < (*/E/ ) SK7,

K/

Using the inequality va + b — v/(a — b)+ < 2v/b valid for all a,b > 0, we can bound (1) by
x5 up to constant and the result follows. O
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A.4.4 Proof of Proposition A.1.1

For f € L*(pn) write f; = (f¢;) and fiz = (fds¢»), assuming that the quantities involved are
well-defined. We record some useful identities related to P, that will be instrumental in our

proof of Proposition A.1.1.

Lemma A.4.4. P, is self-adjoint and has operator norm

1B = sup  [[B(f)ll2 < 1.
fFEL?(p):]| fll2<1

Suppose that f,g,h,t € L*(1) and that each quantity below is finite. Then

Zfzgz’hm’ - <hPr(f>Pr<g)>a
Zfigih' ty = (fPr(9))(hP(1))
me/gm’ = Z f(bl (g¢z)>

where the summation is over i,i’ € [r].

Proof. Let P be the projection onto the orthogonal complement of span({¢1, ...

for any f,g € L*(11) we have

(fB(9)) = (B(f) + PN P(9)) = (P(f)Pr(9)) = (Br(f)g),
where the last equality is by symmetry. We also have

1B < NP(HNE + I (HIE = I1B-(F) + BE(HIP = 11 F115-
Let f,g,h,t € L?(u). Then

Zfigi/hii’ = Zfizgi’hii’ = Zfzz 9P (hoi)) Zfz -(9)hei) = (
Zfzgzh lir = Zfzgz Zh t )><hPr( )>
me’gu’ - Z f¢z Z<g¢z¢z’>¢z’> = Z<f¢z (9¢1)>

i

,®r}). Then

P.(f)hE(g))

Proof of Proposition A.1.1. Let us label the different terms of the statistic TL_Fd:

TL‘F":Z{ quz i ——Z@

i=1 j<j’ J<y’

2SSy, +%ii¢l ” }

]lul 7=1 u=1

=—l- ||——|||+—|V

n? n? nm nm
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Recall that X, Y, Z ~ f®" ¢®" h®™ respectively. A straightforward computation yields

e = IB(f W~ 1B — Wl — (IR~ IR @)IR).

We decompose the variance as

4 4 4 4
var(Tig) = - var(l) + - var(ll) + o] var(Ill) 4+ o) var(lV)

8 8 8
— % COV(', ”l) — % COV(”7 IV) — W COV(”', |V),

where we used independence of the pairs (I, 1), (I, 1V), (II,11). Expanding the variances we
obtain

<I>—Z<(§)<—ff G- -0) (Z))(fff—ff))

K44

var(1l) = Z ((Z) (97 — 97 97) + Z) ( ) (;l) (Z))(gigwgw - 9593))

(2

var(lll) = <nm(fii/h“ Fifohihi) + nm(m — D) (furhihy — fifohiha)+

+mn(n — 1)(fifoha — fifi’hihi’))

i’

For the covariance terms we obtain

Cov (I, 1) ZQm(Z) fiir filir — f,-zfz'/hi')

i’

Cov(IL, IV) sz(g> givgihy — gi girhi)

Cov (Il 1V) Zmn (hii figy — figihihi).

We can now start collecting the terms, applying the calculation rules from Lemma A.4.4
repeatedly. Note that (3)2 — (g) — (;1) (Z) = n3 — 3n? 4+ 2n, and by inspection we can conclude
that 1/n,1/m,1/nm,1/n? and 1/n? are the only terms with nonzero coefficients. We look at
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each of them one-by-one:

r

1
Coef (5) = Z (fl(fzfz’fu' - fffﬁ) +f1(9i9i'9n’ - 91‘291‘2/)1+f1(hihi’fu' - fifi'hihi’)/+

114

var(I) var(IT) var(I1T)
4(gii’hihi’ - hihi’gigi’) - ?(fzz’fzhz’ - fffz"hz‘/) - §(gii’gihi’ - gfgz"hi') )
var‘(?V) Cov(‘I,,III) Cov(},I,IV)

= 4(fP.(f)?) =4[ P.())* + 4gPr(9)?) — H{gPe(9))* + 4(f Pr(h)*) — 4(fP:(R))*
+4(gP(h)* — 4(hP.(9))* — 8(f P.(f)Pr(R)) + 8{f P (/)){f P(h))
—8(gP(9) P (h)) + 8(gP:(9)){9F:(h))

= 4(f(P.(f —1))*) + 4{g(Pe(g — 1)) = AP.(f = h))* — 4(P.(g — h))?

< 4App + 4Aggn,

recalling the definition A,,; = (u [P,,(v — t)]2> for u,v,t € L?(p). Similarly, we get

1
Coef (—> = Z (fl(hii'fifi’ - fifi’hihi/)l+fl(hii’gigi’ - hihi’gigi’) —§(hii/figi' - fz’hihi’gi’)

m

i’

var(IIT) var(IV) Cov(II11,IV)

= 4(h(P.(f — 9))*) — 4hP.(f — g))*
é 4Ahfg'

For the lower order terms we obtain

Coef (L> = Z (il(fii’hii’ - fifi’hihi’) - 4(fii’hihi’ - fifi’hihi’) - 4(fifi’hii’ - fzfz’hzhz’z

nm

il ~~

var(IIT)

+ 4(hiir giir — hihir gi9i) — 4(hivr gigs — hihi gigir) — 4(girhihir — hihi gigir) )

var(IV)
= 4B, — 4(fP,(h))? = 4(f P.(h)*) + 4(f P, (h))?

— HhP.(f)?) + 4(fP.(h))* + 4By — 4(g P (h))?

— 4(hP(9)%) + 4(gPu(h))* — 4(gP(h)*) + 4(gP.(h))?
< 4(fP,(h))? +4(gP.(h))* + 4By, + 4By,
S Bl + | Bgnl + 1 + g+ hlls

where we recall the definition B,, = Y_.(u¢;P-(ve;)) for u,v € L*(n) and apply the Cauchy-
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Schwarz inequality. Next, we look at the coefficient of 1/n? and find

1
Coef (g) = 3202 = S22 = 12 fife = J2IR)+ 2058 — 6793) = 12(gwgigr — 9793)
' var(l) var(Il)

+§(fn"fi v — [ fi hi’)}"’?(gii’gihi’ —gfgi/hif))

-~ -~

Cov (1,111 Cov(ILIV)
= 2Bs; — 2(fP.(f))* = 12(fP.(f)*) + 12(f P.(f))?

+ 2By, — 2(9P:(9))* — 12{gP,(9)*) + 12(g P> (9))?

+ 8(fP(f)Pr(h)) = 8(fP.(f)){fPr(h)) +8(gPr(g9) Pr(h)) — 8(gPr(g))(gPr(h))
< 2Bjs +2Byy + 8(fP.(f)Pr(h = [)) + 8(gP.(9) Pr(h — g)) + 40| f + g + hll3
S|Bysl + [Bygl + I1f + 9+ hlls + /ApsoArm + AggoAggn-

Finally, we look at the coefficient of 1/n3:

Coef (%) = Z (\—2( = 2 +8(fir fifv — f2f2) 2095 — g297) + 8(giwgigi — gfgﬁ)j)

1’

Cov(LIll) Cov(LIll)
= —2By; + 2(fP.(f))* + 8(fP.(f)?) = 8(f P.(f))?

— 2By, + 2(gP:(9))* + 8(9P(9)%) — 8(gPr(9))?
S IBpsl + |Bygl + 1f + g+ hll3 + Arpo + Aggo.

A.4.5 Proof of Lemma A.2.3

Proof. Expanding via the binomial formula and using the fact that sums of NN;’s are binomial
random variables, we get

ENH (a+ b( 1+c

k
EZ ( )bé 1 +e Bln(n,ﬁ/k)ak—f
=0

JjE€k
k
:Z< )b€1+ gn k—ﬁ
k
=0
S (a+ becn/k)k)
where we used 1 + z < e” for all x € R. O
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Appendix B

Appendix of “Kernel-Based Tests for
Likelihood-Free Hypothesis Testing”

B.1 Notation

Weuse A2 B, A< B,Ax B todenote A= Q(B),B=Q(A) and A = O(B) respectively,
where the hidden constants depend on untracked parameters multiplicatively.!

We write TV, KL, x? for total-variation, KL-divergence and y2-divergence, respectively.
We write D(Pyx||Qy|x|Px) = Ex~py D(Pyx||Qy|x) as the conditional divergence for any
probability measures P, Q on two variables X, Y and divergence D € {TV, KL, x?}.

We write /P for the usual /P sequence space and LP for the usual L? space with respect to
the Lebesgue measure. Both the ¢? norm and the L? norm are written as || - ||, if no ambiguity
arises.

For real numbers a,b € R we also write max{a, b} as a V b and min{a, b} as a A b.

We use Td to denote an d-dimensional all 1’s vector.

For an integer k € ZT, we write [k] as a short notation for the set {1,2,...,k}.

In the proofs of Theorem 3.3.1 and Theorem 3.3.2, we use ~ for an equality that we are
trying to prove.

B.2 Applications of Theorem 3.3.1

Usually, minimax rates of testing are proven under separation assumptions using more
traditional measures of distance such as LP, where p € [1,00|. In this section we show one
example of how Theorem 3.3.1 can be used to recover known results, and also obtain some
novel results under L2-separation and L'-separation.

For example, the first equation in (B.2.1) means that there exists a constant ¢ independent of «, k, ¢, §, R,

N 2
such that min{m,n} > c%.
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B.2.1 Bounded Discrete Distributions Under L?/L!-Separation

Sample Complexity Upper Bounds Let Ppy(k, C) be the set of all discrete distributions
P supported on [k] = {1,2,...,k} satisfying max;<;<x p(i) < C/k, where p is the probability
mass function of P (here Zi:l p(k) = 1). For distributions Py, Py, P; we shall write
Px, Py, Pz as their probability mass functions, respectively.

Let us apply Theorem 3.3.1 with underlying space X = [k] and measure p = %Zle 0;.

Take the kernel K (z,y) = 1{z = y} = >.F  1{z = y = i}, and note that for any two
distributions Py, Py we have

MMD?(Py, Py) = E[K(X, XY+ K(Y,Y") - 2K(X,Y) } Z px (i) — py ()2

where (X, X" Y,Y') ~ P{? ® PZ?. So the corresponding MMD is the ¢*-distance on prob-
ability mass functions. Note also that K = Zfﬂ% <\/E]l{x = z}> (\/Eﬂ{y = z}), where

k
{\/E]l{x = z}} forms an orthonormal basis of L?(11). So K has only one nonzero eigenvalue,
i=1

namely

A =X =...= N\ =1/k,
of multiplicity k. Suppose that we observe samples X,Y, Z of size n,n,m from Px, Py, P; €
Pob(k, C), where MMD(Py, Py) = \/Z Ipx (i) — py(1)]? > €. Plugging into Theorem 3.3.1
shows that:

Proposition B.2.1. For any two Px, Py € Ppp(k,C), if the (*-distance between px, py is
at least €, then testing (mLFHT) is possible at total error a using n simulation samples and
m real data samples provided that

ClIM|oo log(1/a)(1 + R)? _ log(1/a)(1+ R)?

min{m,n} 2

02¢2 - ke2H2 ’ (B.2.1)
: ClIM|24/log(1/a) _ +/log(1/a) o
> = .
min{n, vmn} 2 25 T,

where R is defined as in the assumption (iit) of Section 3.5.1.

We can convert the above results to measure separation with respect to total variation
(recall TV(p, q) = 3 3, p(i) — q(i)| = 3llp — qll1) using the AM-QM inequality [[px — py |l <
VE|[px — py|l2. Then, taking R < a =< § = ©(1) recovers the minimax optimal results of [123,
124, 78|, for LFHT over the class Ppy. Note that analogous results for two-sample testing
follow from the above using the reduction presented in Section 3.3.4.

Sample Complexity Lower Bounds Recall the definition of J; and note that [|[|3 ; =

M for all J > 2. By Corollary 3.3.3 we see that J* 2 k as soon as € < 1/k. Thus, for
€< 1 / k the necessity of

> log(1/a) > log(1/a) and m + /mn > log(1/a)

sl /a) B.2.2
A TRes AT e VEe2s (B-2.2)
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follows by Theorem 3.3.2. Here it is crucial to note that when 6 = ©(1), we have

m mn log(1/a) log(1/) mn log(1/e) log(1/a)
+\/—>V\/_62 NV\/_€2 \/—>V\/_62 Nv\/_@

and hence the upper bound (B.2.1) meets with the lower bound (B.2.2) provided R =< § = O(1).
Once again, setting R < § < a = O(1) we the optimal lower bounds recovering the results of
[78] (in the regime ¢ < 1/k). In short we can also recover the following result for LFHT.

Proposition B.2.2 (|78, Theorem 1, adapted|). On the class Ppy(k,C'), using n simulation
samples and m real data samples, if

1 1
n Z ) vV mn 2 T o0
Vke? Vke?
then for any two distributions Px, Py € Pop(k,C) with |[px — py|l2 > €, testing (LFHT) is
possible with a total error of 1%. Conversely, to ensure the existence of a procedure that can
test (LFHT) with a total error of 1% for any Px, Py € Ppp(k,C) with ||px — py||2 > €, the
number of observations (n, m) must satisfy

m> (B.2.3)

1
ke?’

1 > 1
Ve ~ Vker

The implied constants in (B.2.3) and (B.2.4) do not depend on k and €, but may differ.

mz

5

(B.2.4)

n> =N
~ ]{:627

B.2.2 (B-Holder Smooth Densities on [0, 1]¢ Under L?/L'-Separation

Sample Complexity Upper Bounds Let Py(f3,d, C) be the set of all distributions on
0, 1]¢ with 8-Holder smooth Lebesgue-density p satisfying ||p[lcs < C for some constant
C > 1, where

/() = [ (y)|
Iplles = max || f¥] + sup =,
0<lal<[6-1] syel0 ) al=[p-11 |lz — y|l5 1]

where [ — 1] is the largest integer strictly smaller than § and || = ), o; is the norm of
a multi-index o € N¢. Abusing notation, we also use Py(3,d, C) to denote the set of all

corresponding density functions.

We take K(z,y) = >_; 1{z,y € B;}, where {B;};c(qa is the j'th cell of the regular grid
of size k% on [0,1]%, i.e., B; = [(j — 14)/k,7/k] for j € [5]%. Clearly there are x? nonzero
eigenvalues, each equal to 1. The following approximation result is due to Ingster [110], see
also |10, Lemma 7.2].

Lemma B.2.3. Let f,g € Pu(B,d,C) with || f — g||2 > €. Then, there exist constants c,c
independent of € such that for any k > ce™?

MMD(f,g) = || f — gllo-
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Now, suppose that we have samples X, Y, Z of size n,n, m from Px, Py, P; € Pu(8,d,C)
with densities px, py,pz such that |[px — py||2 > €. Then, Theorem 3.3.1 combined with
Lemma B.2.3 and the choice x = e~ */# shows that

Proposition B.2.4. Testing (mLFHT) on Py(5,d,C) at total error a using n simulation
and m real data samples is possible provided

CllAlloc log(1/e)(1 + R)* _ log(1/a)(1 + R)*

min{m,n} 2 522 = 52¢2 ’
' C|IMJ2y/log(1/a)  +/log(1/a)
> ~—
min{n, vnm} 2 25 = CFTaR)/Bg

where € is an L*-distance lower bound between Px, Py and R is defined as in the assumption
(i7i) of Section 3.3.1.

Setting R < a < = O(1) recovers the optimal results of [78] for the class Py. Once again,
identical results under L' separation follow from Jensen’s inequality ||- || 11 (o,10) < || - | z2(0,1)-
Note that analogous results for two-sample testing follow from the above using the reduction
presented in Section 3.3.4.

Sample Complexity Lower Bounds The kernel defined in the previous paragraph
is not suitable for constructing lower bounds over the class Py because its eigenfunctions
do not necessarily lie in Py. It would be possible to consider a different kernel that is more
adapted to this problem/class but we do not pursue this here.

B.2.3 (3, 2)-Sobolev Smooth Densities on R? Under L2-Separation

Sample Complexity Upper Bounds Let Ps(5,d,C) be the class of distributions that
are supported on R? and whose Lebesgue density p satisfies ||p||s2 < C, where

Ipllsz = [|(1+ 1l - D" Flpl] (B.2.5)

and F denotes the Fourier transform. Again, abusing notation, we write Ps(3, d, C') both as
the set of distributions and the set of density functions.

We take the Gaussian kernel G, (z,y) = o %exp(—||z — y||3/0?) on X = R? with base
measure du(x) = exp(—z?)dz. In [139] the authors showed that the two-sample test that
thresholds the Gaussian MMD with appropriately chosen variance o2 achieves the minimax
optimal sample complexity over Ps, when separation is measured by L?. A key ingredient in
their proof is the following inequality.

Lemma B.2.5 ([139, Lemma 5|). Let f,g € Ps(5,d,C) with ||f — g||2 > €. Then, there exist

constants ¢, ¢ independent of € such that for any o < ce'/?, we have

MMD(f,g) > || f — glla-

Now, suppose that we have samples XY, Z of sizes n,n, m from Px, Py, P; € Ps(8,d,C)
for some constant C' with densities px, py, py satisfying ||px — py |2 > €.
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Note that the heat-semigroup is an L?-contraction (||A]]o < 1) and that

A2 = / Gy, ) dp(z)duly) = o~

up to constants depending on the dimension. Theorem 3.3.1 combined with Lemma B.2.5
and a choice o =< €'/ yields the following result.

Proposition B.2.6. Testing (mLFHT) over the class Ps with total error « is possible provided

Cl[ Mo log(1/a)(1 + R)*> _ log(1/a)(1+ R)?
02¢2 - 022

Cl[M2y/1og(1/a) _ /log(1/e)

€2y - e(28+d/2)/B§’

min{m,n} =

min{n,/nm} =

where € is the lower bound on the L*-distance between Px, Py and R is defined as in the
assumption (iii) of Section 3.3.1.

Taking R < § < a = ©O(1) above, we obtain new results for LFHT and using the
reduction from two-sample testing given in Section 3.3.4 we partly recover [139, Theorem 5].
Only partly, because the above requires bounded density with respect to our base measure
du(r) = exp(—2?)dz.

Sample Complexity Lower Bounds Note that our lower bound Theorem 3.3.2 doesn’t
apply because the top eigenfunction of the Gaussian kernel is not constant. Once again, a
more careful choice of the base measure (or kernel) might lead to a more suitable argument
for the lower bound. We leave such pursuit as open.

B.3 Black-box Boosting of Success Probability

In this section we briefly describe how upper bounds on the minimax sample complexity
in the constant error probability regime (o = ©(1)) can be used to obtain the dependence
log(1/c) in the small error probability regime (a = o(1)). We will argue abstractly in a way
that applies to the setting of Theorem 3.3.1.

Suppose that from some distributions Py, P, . .., P, we take samples X', X2, ..., X* of size
ni,MNa, ..., N respectively and are able to decide between two hypotheses Hy and H; (fixed but
arbitrary) with total error probability at most 1/3. Call this test as ¥(X!,..., X*) € {0,1},
so that

PW(X' ..., X*)=0|Hy) >2/3 and P(U(X', ..., X" =1/H,)>2/3.

Now, to each an error of o(1), instead, we take 18n;log(2/«),...,18n;log(2/a) obser-
vations from P; through P, and split each sample into 18log(2/a) equal sized batches
{ X"} e jensiogz/a)- Here 181log(2/a) is assumed to be an integer without loss of generality.
The split samples form 18log(2/a) independent binary random variables

Ay = U(XM L Xk
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for j =1,2,...,18log(2/a). We claim that the majority voting test

. 1 if A> 1/2
\Ifa X" ii) = -
d ! ’j) { 0 otherwise

tests Hy against H; with total probability of error at most «, where

. 1 18log(2/ )

A;.
~ 18log 181og(2/a) ]z_:

Indeed, by Hoeffding’s inequality, we have
P(A>1/2|Hy) < af2
P(A<1/2|H) < a/2.

Therefore, in the remainder of our upper bound proofs, we only focus on achieving a constant
probability of error (o = ©(1)) as the logarithmic dependence follows by the above.

Remark 21. As mentioned in the discussion succeeding Corollary 3.3.3, we do conjecture
the tight dependence in the upper bound to be \/log(a~1) instead of log(a™) shown by this
method.

B.4 Proof of Theorem 3.3.1

B.4.1 Notation and Technical Tools

x,y) = Z Acer(w)er(y)

extensively, where A := (A1, A9, ...) are K’s eigenvalues (regarded as an integral operator on
L?(u)) in non-increasing order and ey, e, ... are the corresponding eigenfunctions forming
an orthonormal basis for L?(u1), and convergence is to be understood in L?(u). We use the
notation (-) := [-du. For all u € L*(p) we define

We use the expansion

ue = <u€£>7 uiel = <U,6€6€/>7 E = 17 2, . e

and consequently u = ), use,. We also define

= /K(t, Ju(t)p(dt) = Z Agtige(-),

where the second equality follows from the orthonormality of {e,}?°,. Note that the RKHS
embedding satisfies 6, := [ K(x, )u(z)du(z) = K[u]. Now, for Px we write

xp = (px)e = (pxer), v = (px)ew = (pxeer), L00=1,2,...

where px is the p-density of Px. The similar notations also apply to Py, P;. The following
identities will be very useful in our proofs.
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Lemma B.4.1. For each identity below, let f,g,h € L*(1) be such that the quantity is well
defined. Then,

104113, = Zkeff (B.4.1)
MMD?(f, g) ZM (fe = g0)? (B.4.2)
IK[fII3 = Z)‘efe (B.4.3)

> Mefege = (FKlg]) = (K[f)g) (B.4.4)

Z /\f)\;heszegw = (hK[f]K]g]) (B.4.5)
MZ AeAe Geer feer = ZM fecKlged). (B.4.6)

174

Suppose that f,g are probability densities with respect to u that are bounded by C. Then

0< > Ndvgew fur < C2||A|I3. (B.4.7)
j24

Proof. We prove each claim, starting with (B.4.1). Clearly

1671, = 11115,
||/ x|
=t//kKK$7J>KXy,J)qu@ﬁf@Ddutﬂdu@D
- [[ Kanr@ i
=;Mﬁ

as required. The second claim (B.4.2) follows immediately from (B.4.1) by definition. For
(B.4.3) by orthogonality we have

2

LKA = 1) Aefieell3
L
=D _Xifi.
l

For (B.4.4) by the definition of K[-] we have

(£

= (K[f]g)-
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For (B.4.5) we can write

Z XeXerhee foge = Z Aefe < (Z )\z'gz/€£/> h€e>
w
= Z Mo fo(K [g)heg)

= (K[ [RKTS])
Finally, for (B.4.6) we have

Z M foer oo = Z Ae < (Z AE’QM@’) f €e>

w
= Z Me(Kger| fee).

Suppose now that f, g are probability densities with respect to p that are bounded by C' > 0.
Let X,Y be independent random variables following the densities f,g. Then

Z AeXe fee ger = E (Z AZGZ(X)W(Y))
o
<C? / / (Z Aeee(x)eg y) dpu(z)dp(y)

= C?[A3
as claimed, where we used that the e, are orthonormal. O
B.4.2 Mean and Variance Computation
We take m = 0/2. Our statistic reads

—T(X,Y,2) + (X, Y, 7m) = (0p, — (W0p +70p ), 05— Op )us

zuj

Recall that v = argmin,,.g MMD(P,, 7' Px + v'Py). Let us write z = vx + vy + r for
1 — 7 = v, where the residual term is denoted as r € L*(u). Let 6, = [ r(¢)K (¢, -)pu(dt) be the
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mean embedding of 7. Under both hypotheses we assume that ||0,||3, < R-MMD(Px, Py),
moreover (0,,0p, — Opy, )3, = 0 by the definition of v. We look at each of the 5+ (3) = 15
terms of the variance separately.

var(l)

Var ||

Var |||

Var IV

var(

= Z )\g)\g/{n(n — 1)771(2’@5/ — Zng/)ﬂZglL’g/ + nm(m — 1)(.1175@/ — ajg.ilﬁg/)Zngl

o

+ nm(:vwzw — 33@1’@/2@2(/)}

Z MM{ n(n —)m(ze — zeze )yeye +nm(m — 1)(yer — yeye ) zeze
w

+ nm(Yee 2o — Yeyer 2524/)}

; Af}‘”{( ) Tl — TpT) + (<Z)2 - (Z) — (g) <Z))(m/ — :chg/):cg:cg/}
ZAM@/{< ) Yir — Yiyp) + ((Z)Q - (Z) - (g) (Z))(yw — @/eye/)yeye'}

124

V) = Z Af}‘”{”%” = D)(yee — yeye)vere +n*(n — 1) (200 — zeve)yeye

124

+ n2($ez/yw — Zb“el'e/yeye/)}
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For the cross terms we obtain

Cov(l, 1) = Z Neden®m(zee — 2020 ) Toye

Y24
Cov(L,) =" XAen(n — Dm(zw — xewp)zee
Cov(l,IV) = oﬂ
Cov(l,V) = Z Neden*m(zep — Toxp) 2oy
Cov(Il, 1) = oa
Cov(I1,IV) =Y " AAen(n — Dym(yew — yeye ) zeye
o
Cov(ILV) =Y " AAen®m(yer — yeyer) 2o
Cov(lll,IV) = oa
Cov(lLV) =Y AAen®(n — 1) (wp — zoe)zye
o
Cov(IV,V) =" AAen®(n — 1) (yer — yeye)yerer.
Y24

Note that (;)2 - (5) = (%) (%) =n(n—1)? = n(n—1). Collecting terms, and simplifying, we

get the coefficient of the % term:

Coef ( ) Z )\g)\g/ ( Tppr — fl]gl’g/)Zng/ —f‘\(ygg/ — ygyg/)ZngL+flﬁ2(:L‘gg/ — (L’g:L‘g/)ZngL’gL

Zﬂ/ ~~ ~\~

var(l) var(ll) Va:(rlll)

+ f17T2(?JM - yzye/)yeye:—i-\(?_? — W)Z(yw — YoYp )Ty + (T — 7T)2(9Ew - iﬁel’z’)yeye;

var(IV) var(V)

— AT (2 — g ) 2T + 2T — ) (T — TpTer) 2eYer

[\

Cov(LIT) Cov(l,V)
— fhr(yw — YeYer ) ZeYer —\2(77? — ) (Yorr — yéyﬁ’)zﬂfﬂf’/
Cov?ﬁ,lV) Cov?ﬂ,V)

— ilﬁ'(ﬁ' — W)(.IMI — Sl?g&]g/)l’gygl +il7T(7_T — W)(yggl — ygyg/)ygl’g;> .
CovEﬁI,V) COVE"V,V)

After expanding z, as zy = vxy + vy, + 1o, we split the calculation into multiple parts to
simplify it. First, we focus on terms that are multiplied by (x4 — x,x¢) and do not contain
ry or ry. Using Lemma B.4.1 extensively and the fact that 7 =1 — 7,7 =1 — v, we find that
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the sum of these terms equals

P (eKa]?) + <mK[yP>+2w<xK[z}K[ ) — (@K [a])? — v K [y])? — 200 (K [o]) (e [y))
+ 472(eK (o) - 4r(wK[a])* + (7 — m)* 2Ky
— A7v (v K [x])?) — 7r1/<3:K[ |Ky]) +470(x K
+ 27 = MKz Kly)) + 2(7 - Wik [y]?)
— 27 — M@K y))? — 4x (7 — m) (K2l K[y)
(7 - 27 ((eK[z — o) — (2K[w - y))?)
< C || Allow MMD?(Py, Py ).

Similarly, the terms involving (ye — yeye) but not r, or ry sum up to the quantity
(v = 27 ((yKz = o) = K[z — y))*) < ClIN ] MMD*(Px, Py).

Next, collecting the terms involving both (x4 — xyz) and 7, or 7y we get

20(x K [r|K[x]) + 2v(zK[r]K[y]) + (@ K[r]*) — 20(z K [2]) (¢ K[r]) — 2v(zK[y]) (z K[r])
— (zK[r))? — 47 (xK[2]K[r]) + 47 (2 K [z]) (x K[r])
+2(7 — ) (e Ky K[r]) — 2(7 — m){xK[y]){zK]r])

=2 - 2m) (@K 1)K e = o)) = (@K @Kz = o)) + (@K %) — (@K [r])?
S C Ao (R + R?) MMD?(Px, Py).

Finally, collecting the terms involving both (y, — yeye) and ry or vy we get

2(v —2m) (<yK[7°]K[y —z]) = (YK )y K[y — x]>> + (YK[r]*) — (yK[r])?
SO Moo (R + R*) MMD?( Py, Py).

Similarly we get

g g

var(l) var(l) Co;(rl,ll)
= (K[ —yJ*) — (zK[z —y))"

< O Moo MMD?(Px, Py).

Cocef < ) Z AeAe ( 2w — 2oz )ty + (2o — 2oz )yeye + 220 — ZM@/)WZ/@;)
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The remaining coefficients don’t rely on subtle cancellations, and simple bounds yield

Coef ( TL 1 ) Z )\f)\g/ <47T < (l’ux :L’g%?/) - (l‘g@/ - l’g%g/)l‘gl‘gl)

124

-

var(lIl)

1
+ 4m? (5(934/ —Yyp) — (Yo — ygyg/)ygyg/> )

(. /

var(IV)

< C7IAI3

Coef ( ) E )\4)\41 ( Zgg/ - Zng/)l’gl‘g/ — (LL’M/ - .Ingg/)Zng/ + (.Z‘M/ZM/ - Igl’ngng/)
>y

tw var(l)

— \(Zw — 2oze Yoo — (Yeo — Yoo ) 2eze + (Yoo 2o — Yoo Zﬂw)J)

Va:r?l)

< C*IAI;

Coef (732) =

Z AeAp ( T—) ( — (Yoo — Yoye )Texe — (T — Toxe ) Yoy + (TeoYor — WJU@/WW)) >

174

J/

-~

var(V)
< CIIAIL-

Summarizing, we've found that

1 1
var(T(X,Y, Z) = 7(X.Y, 7)) < (5 ; a) ClIN (1 + R2) MMD2(Py, Py)
1 1 2 2
— 4+ — M5,
+ (75 + o ) AR

Using that (0,,0p, — 0p, )1, = 0, we compute the expectation to be

(B.4.8)

E[-T(X,Y,Z2) +~v(X,Y,7)] = (7 — v) MMD?(Px, Py).

Taking 7 := §/2 and applying Chebyshev’s inequality shows that there exists a universal
constant ¢ > 0, such that the testing problem is possible at constant error probability (say
a = 5%), provided that the sample sizes m,n satisfy the following inequalities:

ClM(1 + R?)

022

!MI!z

min{m,n} > c

min{n, vnm} > c

188



By repeated sample splitting and majority voting (see Appendix B.3), we can boost the success
probability of this test to the desired level 1 — « by incurring a multiplicative ©(log(1/«))
factor on the sample sizes n, m, which yields the desired result.

B.5 Proof of Theorem 3.3.2

B.5.1 Information theoretic tools

Our lower bounds rely on the method of two fuzzy hypotheses [198]. Given a measurable
space S, let M(S) denote the set of all probability measures on S. We call subsets H C M(S)
hypotheses. The following is the main technical result that our proofs rely on.

Lemma B.5.1. Take hypotheses Hy, Hy C M(S) and Py, P, € M(S) random with P(P; €
H;)=1. Then

mf max sup P(¢ #1i) >

i=0,1 peq;

(1-TV(ER),EP)),

l\DI»—

where the infimum is over all tests 1 : X — {0, 1}.

Proof. For any 1

mas sup Py( # 1) > 5 sup (Po( = 1) + Py( = 0))

=01 p,cH, 2peH;
1

> §E[P0(¢ =1)+P@= O)]

Optimizing over 1) we get that the RHS above is equal to = (1 TV(EP,,EP,)) as required. [

Therefore, to prove a lower bound on the minimax sample complexity of testing with
total error probability «, we just need to construct two random measures P, € H; such
that 1 — TV(EF,,EP,) = Q(«). In our proofs we also use the following standard results on
f-divergences.

Lemma B.5.2 ([168, Section 7|). For any probability distributions P, the inequalities

—_

1-TV(P,Q) > 1eXp( KL(P|Q)) > 5%

hold.

Lemma B.5.3 (Chain rule for y?-divergence). Let Pxy,Qxy be probability measures such
that the marginals on X are equal (Px = Qx ). Then

X (Pxy|Qxy) = Xz(PY\X||QY|X|PX)-
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Proof. Let Pxy,Qx,y have densities p, ¢ with respect to some p. Then, by some abuse of
notation, we have

X (PxyllQxy) = -1+ / %dﬂ(l’,y)

L [Pl
- “/‘q@r:c) du(.9)

o (e o

= *(Py x| Qvix|Px).

B.5.2 Constructing hard instances

Recall that in the statement of Theorem 3.3.2, we assume that p(X) = 1, sup,cp K(z,2) <1
and [ K(x,y)u(dz) = A\1. Let fy =1 and for each n € {£1}N define

fo=1+e) pine (B.5.1)
Jj=2
—_———
where {p;};>2 is chosen as p; = 1{2 < j < J}\/ i/lIA|l2,7, where we define [[Al|2,; =
\/ Doa<j<s A for some J > 2. Notice that [ f,(z)u(dr) = u(X) = 1 due to orthogonality of

the eigenfunctions. Assume from here on that J is chosen so that for all n we have f,(z) > 1/2
for all € X. This makes f, into a valid probability density with respect to the base measure
1. Before continuing, we prove the following Lemma, which gives a lower bound on the
maximal J for which f, > 1/2 for all 7.

Lemma B.5.4. J < J* holds provided 2e\/J — 1 < || Al|2s.

Proof of Lemma B.5.4. Notice that

1
lejlloe = sup{K(z,-), e;)n < sup ||K(z,)||xlle;lln < —, (B.5.2)
reX reX \/Xj
where we use ||K(z, )|l = /K (z,x). We have
lgnlloe = €l D pimieilloe = esup(K ) ) P
>2 >2
eV J —1
< EH ZPW;‘%HH =€ Zp2/>‘ = ”)‘H
>2 >2 2,J
and the result follows. O
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Note that Lemma B.5.4 immediately gives us a proof of Corollary 3.3.3.
Proof of Corollary 3.3.3. Suppose that J is such that 2‘] A2 > 2||M||3. Then, by Lemma B.5.4,

=27
if € < ||M|2s/(2v/J —1) then J < Jr. By assumption, this is implied by the inequality
e < c||Al]2/(2VJ — 1), and the result follows. O

Continuing with our proof, note that by construction we have

MMD?(fo, f,) = > Ajpt =€, Wnpe {£1}V. (B.5.3)
7j>2
Lower Bound on m

Again, we apply Lemma B.5.1 with the new (deterministic) construction

@ (14eea// A)" @(1+ees//A)®™,  PL = fE"@(14€ea/\/ N)"@fE™, (B.5.4)

where we write fi; = f(1,1,..) and similarly for g;. By the data-processing inequality for
x2-divergence (also by Lemma B.5.3), we may drop the first 2n coordinates and obtain

X2(EPy, EPy) = x*((1+ beea// Xo) ™| f5°
= (1+6%€/0)" — 1

(5262m)
< exp 3 — 1.
2

1
X2<EP0, EP1> -1

By Lemma B.5.2 we

!

> exp(—d8%€’m) = Q(a).

1-TV(EPR,EP) 2
The lower bound m 2> Ay log(1/a)/(d¢)? now follows readily.

Lower Bound on n

Once again, we apply Lemma B.5.1 to the new construction
Po=f" e fe ffm, Pi=fe e 5 (B.5.5)

where we put a uniform prior on n € {£1}N as before. Using the subadditivity of total
variation under products, we compute

TV(ER,, EPy) = TV(fg" @ Bf" E[f)"] @ f5)
< 2TV(EFE, f$™).
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Just as in Appendix B.5.2 we upper bound by the y2-divergence to get

CELIA) = =1+ B [ T[ (o) frln(dar) .. uicin,)

< —1+Eexp(ne® Y pin;n))

i>2
=—-1+ Hcosh ne? pj
j>2
< —1+exp(n ij
j>2

= —1+exp(n’e*/|IA]13.).

Again, by Lemma B.5.2 we obtain

! > exp(—n2e/|N2.,) = Q(a).

1-TV(ER,EP) 2
EER) 2 ERiER) 1 2

The lower bound n 2 +/log(1/a)||A]|2.7/€* now follows readily.

Lower Bound on m - n

We take a uniform prior on n and consider the random measures
Po=f"@ ffn@ (=08 fo+0f)® and P =fefme ™ (B.5.6)

Our goal is to apply Lemma B.5.1 to Fy, P;. Notice that (1 —6)fy +df, =1+ deg,. Let us
write X, Y, Z for the marginals first n, second n and last m coordinates of Fy and P;. By the
data processing inequality and the chain rule Lemma B.5.3 we have

X*(ER|EP) = X*((ER)y,z[|(EP1)v.2)
= X*((ERo) 21y [I(EP) 21y [(ERy)y)
= Ex* (E [(1 + degy)*" | YT [If5™) =: ().
Notice that the expectation inside the y?-divergence is with respect to n given the variables
Y, or in other words, over the posterior of n with uniform prior given n observations from the

density 1 + eg, = f,,. The outer expectation is over Y. Given Y, let  and 7' be i.i.d. from
said posterior. We get the bound

(1)+1<E [ T]0+ degnfa)) 1+ deg(wutd)

= E(1 + 6% Z p?nj'r];-)m

Jj=2

< Eexp(d%¢*m Z p?njn;).
Jj>2
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Define the collections of variables n_; = {n;};>2 \ {n;} and n’; similarly. We shall prove the
following claim:

E [exp(0*mpinm;) | n-m’_;] < exp(cd?e*(6*m* + mn)p;) (B.5.7)

for some universal constant ¢ > 0. Assuming that (B.5.7) holds, by induction we can show
that

(1) + 1 < exp(cd®(6°m? + mn)e Zp]

j>2
= oxp(cd®(6°m® + mn)e' /| N[5 ).

Thus, if mn 4 6*m? = o (||A[13,,/(6%€*)) then testing is impossible.
We now prove (B.5.7). Since the variable 77 is either 1 or —1, we have

2202 _52e2m.p2 _522m 02
E [exp(6°Empini)| njn’ ;] = (€™ — e ™) - Py = Ln_jn’_;) + e~ ™.
Let us write 14, ; for the vector of signs equal to n but whose j’th coordinate is 1 respectively.
Looking at the probability above, and using the independence of 7,7’ given Y, we have

P(nyn; = 1Ym0’ ;) = Py = 11Y,n5)* + P(n; = =1[Y,n_;)?
L))+ (7 (V)

M1y -1y

_4 1 Qn(y 1ren Y 2
(5 771j( >+§ n—u'( >>

Taking the expectation E[- |1, 7" ;] and using the HM-AM inequality (5(z+y))™" < (3 +)
valid for all x,y > 0 gives

o LT @a)? 4 (TEy fooy (22))? N )
1’777]’ n_j> a / % H?:l fThj (ZEZ) + % H?:l fn_lj (%z) /L<d 1) o ,U(d n)
1 1 (H?:l fmj (‘rl))Q (H?:l fnflj (xl))Q

=17 ‘/ ( I fo @) T L fo, (22)

4 8
Note that f,,, = f,_,, + 2ep;je;. Using the lower bound f,, (z) > § for all z € X and the
inequality 1 + = < exp(z), we get

<1+ Acpie @) 3(>) (dx)>n+ (1+ Arje)(@) >/L(dx)>n]

P(nn; =

) u(dar) . plde,) = (4)

fn—1j< f771j( )

Recall that (x) is a probability so (x) < 1, and we obtain

(1 + 6862an2-/\ln 3) )

N

(x) <
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Putting it together and applying Lemma B.5.5 we get

LHS of (B.5.7) < (e” <™ — 6—5262”@&(1 T N

6052e4p§ (62m2+mn)

IA

for universal ¢ = 16 > 0. Thus, by Lemma B.5.2 we obtain

i 2 4752 2 2 !
BERER 11 2 OR(ed e @Pm® mn)/JAl5,) = Qa).

1—TV(ER,EP) >

The necessity of
log(1/@)|[AlI3,,
52et

mn + 8*°m? >
follows immediately.?

Lemma B.5.5. For a,b > 0, the following inequality holds:
1
Z(ea o efa)(l + eb/\ln3) +e 0 < e2(ab+a2).
Proof. If b > 1n3 or a > 1 we have:

1
LHS < (e —e™)(1 + e"3) 4 et = ¢ < ematte’,

If b<In3 and a < 1, we have

2 et + e @ 2 et—e v e—el
P14 b1+, —— < e < <2
e o 2 = 2 — 2 ‘=7
and then
1 b_1
Z—l(e“ —e ) (1 +e) te = (e"+e )+ ‘ 1 (e* —e %)
< e® + 2ab
< e (1 + 2ab)
< 6a2+2ab
The result follows from In3 > 1. O
B.6 Proofs From Section 3.4
B.6.1 Computing &
We follow the implementation of 6% in [143]. Given Xi,..., X[ sampled from Px and
Yi,...,Y, sampled from Py, denote
Hy o= K(X9,X9) + KV, V) — K(XE,Y9) — KXY, ij €. (B61)

We have mn + m? < (y/mn +m)? < 2(mn +m?), so /mn +m < Vmn + m?2.
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Then 52 is computed via

Ntr Ntr 2 Ntr Ntr 2
FAX™ Y™ K) = % (Z Hij> - % (ZZ[@) : (B.6.2)

F \i=1 j=1

Note that 62 being non-negative follows from the AM-GM inequality.

B.6.2 Heuristic Justification of the Objective (3.4.1)

As usual, let XY, Z denotes samples of sizes n,n, m from Py, Py, P; respectively. Let us
give a heuristic justification for using the training objective defined in (3.4.1) for the purpose
of obtaining a kernel for LFHT/mLFHT. Note that originally it was proposed as a training
objective for kernels to be used in two sample testing. Recall that our test for LFHT can be
written as

Uy 0(X,Y, Z) = H{TLF > 0}
where
Tir = MMD?(P,, By; K) — MMD? (P, Py; K),

Heuristically, to maximize the power of (mLFHT), we would like to maximize the following
population quantity
Eo[TiF] — E1[TiF]

JLF =
varg (TL|:>

where
Eo[Tif] = Ex.y z[Tir|Pz = Px] = + MMD?*(Px, Py; K),
Eil[Tir] = Exyz[TiF| Pz = Py] = — MMD?*(Px, Py; K).

Let Ths = MMDu(pX, Py) be the usual statistic that is thresholded for two-sample testing.
Then, a computation analogous to that in Section B.4.2 show (cf. (B.4.8)) that

A(K, Px, Py) n A(K, Px, Py) n B(K, Px, Py) n B(K, Px, Py)

varg (TLF) ~

n m n2 mn ’
A(K, Px, P B(K, Px. P
VarO(TTS) ~ ( ) nXa Y) + ( 7n2X7 Y)

for some A(K) and B(K). Therefore, we have approximately
2MMD?*(Px, Py; K) m -

~ JX,Y: K
Ve B e

which only differs from our optimization objective defined in (3.4.1) by a constant factor.

Second, notice that %ﬁ depends only on Py — Py and that ((1 —§)Px +0Py) —

Py o< Py — Px, therefore it is sensible to use (3.4.1) as our training objective for is also
sensible for (mLFHT), and we don’t even need to observe the sample Z.

JiF ~
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B.6.3 Proof of Proposition 3.4.1

Proof. In this proof we regard D := (X", X, Y" Y*) and the parameters of the kernel
w as fixed. Recall that we are looking at the problem mLFHT with a misspecification
parameter R = 0 (see Theorem 3.3.1). Given a test set {z;}icpy, our test statistic is

T{zi}iepm) = = >ty f(z) where

1 TNev
3 (Kw(zi, Vo) — Kol X;V)).

J=1

f(zi) =

Tey

In Phase 3 of Algorithm 1, we observe the value T = T(Z) = Yo, f(Z;) and reject the

T m

null hypothesis for large values of T. Thus, the p-value is defined as
p=p(2,D) =Py pen(T(Z) > T).

Phase 2 of our Algorithm 1 produces random variables 71, . .., T that all have the distribution
of T({Z;}icim)), so that 1{T, > T} (r = 1,...,k) are unbiased estimates of the p-value.
However, the T; are not independent, because they sample from the finite collection of
calibration samples X<, However, as n — oo the covariances between T, , T, for ry # ry
tend to zero, and we obtain a consistent estimate of p. O]

B.6.4 Proof of Proposition 3.4.2
Proof. The test statistic 7(X,Y, Z) in (3.2.3) is given by

T(X.Y,2) = — " fulZ)

where
fr(z) =0p,(2) — 0p,(2).
This simplifies to (consider K (z,y) = f(z)f(y))

() = (% NEOEEDS f(Xj)> £(2) = CXY)F:).

where C'(X,Y’) does not depend on z. Therefore, for any witness function f, we obtain the
desired additive test. O]

B.6.5 Additive Test Statistics

In this section we prove accordingly that the test statistics of all of MMD-M/G/O, SCHE,
LBI, UME, RFM are of the form Ty(Z) = = 3", f(Z;) (where f might depends on X,Y).
The test is to compare T¢(Z) with some threshold v(X,Y).

Note that in the setting of Algorithm 1, the X and Y here correspond to X* and Y.
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MMD-M/G/O As described in (3.2.3) we have

Ty(7) = > (%Z (K(Z.Y;) - K(Z@-,Xm) .

SCHE As described in Section 3.4.2 we have

TH(Z) = % S 1{6(2) > 1},

i=1

LBI As described in Section 3.4.2 we have
1 « &(Z;) )
TH(Z)=— log (— )
1(2) m ; 1 —o(Z;)

UME As described in [118], the UME statistic evaluates the squared witness function at
J, test locations W = {wk},iqzl C X. Formally for any two distributions P, Q) we define

Jq

1
U*(P,Q) = |10 — 0pll72m) = 7 > (o(wi) — Op(wy))*.
9 k=1

However, we note a crucial difference that their result only considers the case of n =
m, and their proposed estimator for U?(Pgz, Px) can not be naturally extended to the
case of n # m. Here we generalize it to m # n where we (conveniently) use a biased
estimate of their distance. Given samples X,Y, Z and a set of witness locations W, the test
statistic is a (biased yet) consistent estimator of U?(Pyz, Py) — U?(Pyz, Px). Let ¢¥w(z) =
%(K(z, wi), ..., K(z,wy,)) € R™ be the “feature function,” then:

q

2

ﬁQ(Z,X) = %wa (Zi) — %wa (X2)
i=1 j=1

2
2

2
S Y e () ()
9 1<i<m,1<j<n

Il e e

1 m
= E ;ww (Zz>

2
+
2

1 n

~ D tw (X))
7j=1

Here (-, -) denotes the usual inner product. Therefore, the difference between distances is

R R 1 m 9 n
UX2.Y)-UZ2.X)=—> <ww (Z0), =D (w (X)) —vw <Yj>>> + F(X,Y)
i=1 j=1
where F' is sum function based only on X, Y. This is clearly an additive statistic for Z.
RFM Algorithm 1 in [170] describes a method for learning a kernel from data given a
binary classification task. For convenience lets concatenate the data to X®™M = (X|Y) €

R2"%d and labels y®™ = (0,,,1,) € R™?". Given a learned kernel K, we write the Gram
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matrix as (K(X®M XRM)), - = (XM XM (1 < 4,5 < 2n). Let K(X™™ 2) be a

,J
column vector with components K (XM 2) (1 <4 < 2n). The classifier is then defined as

fRFM(Z) — yRFM i K(XRFM,XRFM)_l . K(XRFM,Z) (B63)

Though in [170] the kernel learned from RFM is used to construct a classifier as in Equa-
tion (B.6.3), since RFM is a feature learning method, we also apply the RFM kernel to our
MMD test, namely

n

FRIM D () — S (K (2, Y)) - K (2 X)),

B.7 Application: Diffusion Models vs CIFAR

We defer a more fine-grained detail to our code submission, which includes executable
programs (with PyTorch) once the data-generating script from DDPM has been run (see
README in the ./codes/CIFAR folder).

B.7.1 Dataset Details

We use the CIFAR-10 dataset available online at https://www.cs.toronto.edu/ " kriz/cifar.html,
which contains 50000 colored images of size 32 x 32 with 10 classes. For the diffusion
generated images, we use the SOTA Hugging Face model (DDPM) that can be found at
https:/ /huggingface.co/google/ddpm-CIFAR-10-32. We generated 10000 artificial images for
our experiments. The code can be found at our code supplements.

For dataset balancing, we randomly shuffled the CIFAR-10 dataset and used 10000 images
as data in our code. Most of our experiments are conducted with the null Px as CIFAR
images, and the alternate as Py = % - CIFAR + % - DDPM. To this end, we matched 20000
images from CIFAR to belong to the alternate hypothesis, and the remaining 30000 images to
stay in the null hypothesis. For the alternate dataset, we simply sample without replacement
from the 20000 + 10000 mixture. This sampled distribution is almost the same as mixing (so
long as the sample bank is large enough compared to the acquired data, so that each item in
the alternate has close to 1/3 probability of being in DDPM, which is indeed the case).

B.7.2 Experiment Setup and Benchmarks

We use a standard deep Conv-net [144], which has been employed for SOTA GAN discriminator
tasks in similar settings. It has four convolutional layers and one fully connected layer
outputting the feature space of size (300, 1). For SCHE and LBI, we simply added a linear
layer of (300, 2) after applying ReLLU to the 300-dimensional layer and used the cross-entropy
loss to train the network. Note that this is equivalent to first fixing the feature space and
then performing logistic regression to the feature space. For kernels, we add extra trainable
parameters after the 300-d feature output.

For the MMD-based tests, we simply train the kernel on the neural net and evaluate our
objective. For UME, we used a slightly generalized version of the original statistic in [118]
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Figure B.1: Data visualization for CIFAR-10 (left) vs DDPM diffusion generated images
(right)

which allows for comparison on randomly selected witness locations in the null hypothesis
with m # n (see Appendix B.6.5). The kernel is trained using our heuristic (see (3.4.1) and
Appendix B.6.2), with MMD replaced by UME. The formula for UME variance can be found
in [118]. For RFM, we use Algorithm 1 in [170] to learn a kernel on (stochastic batched)
samples, and then use our MMD test on the trained kernel.

We use 80 training epochs for most of our code from the CNN architecture (for classifiers,
this is well after interpolating the training data and roughly when validation loss stops
decreasing), and a batch size of 32 which has a slight empirical benefit compared to larger
batch sizes. The learning rates are tuned separately in MMD methods for optimality, whereas
for classifiers they follow the discriminator’s original setting from [144|. In Phase 2 of
Algorithm 1, we choose k = 1000 for the desired precision while not compromising runtime.
For each task, we run 10 independent models and report their performances as the mean and
standard deviation of those 10 runs as estimates. We refer to a full set of hyper-parameters
in our code implementation.

Our code is implemented in Python 3.7 (PyTorch 1.1) and was ran on an NVIDIA RTX
3080 GPU equipped with a standard torch library and dataset extensions. Our code setup
for feature extraction is similar to that of [143]. For benchmark implementations, our code
follows from the original code templated provided by the cited papers.

B.7.3 Sample Allocation

We make a comment on why (3.2.4) is different from just thresholding MMD?(Z, Y*r) —

MMD?(Z, X*) at 0, which was what we did in part (c) of Figure 3.3 (and hence the difference
along the curve of MMD-M vs Figure 3.1). Our theory assumes that the samples are i.i.d.
conditioned on the kernel being chosen already. However, in the experiments, the kernel
is dependent on the training data. Therefore, to evaluate the MMD estimate (between
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Figure B.2: Relevant plots following the setting in Figure 3.3 (in the main text) of fixing
ny = 1920 and varying sample size m in the x-axis for the comparison with missing benchmarks.
Errorbars are projected showing standard deviation across 10 runs. We replaced part (d) in
Figure 3.3 (in the main text) to a sanity check in our FPR when thresholded at o = 0.05.

experimentations), one needs extra data that does not intersect with training.

In fact, it can be experimentally shown by comparing Figure 3.1 and Figure 2(c) that
doing so (while reducing the sample complexity on ne,) hurts performance. Indeed, we found
out that when X Y* are non-intersecting with training, performance is (almost) always
better at a cost of hurting the overall sample complexity of n.

B.7.4 Remarks on Results

Figure B.2 lists all of our benchmarks in the setting of Figure 3.3 (in the main text) on
missing benchmarks, where the last figure is replaced by the false positive rate at thresholding
at o = 0.05 to verify our results. As mentioned in the main text, our MMD-M method
consistently outperforms other benchmarks on both the expected p-value (of alternate) and
rejection rate at a = 0.05, while all of our tests observe a empirical false positive rate close
to a = 0.05% (Part (b)), showing the consistency of methods.

B.8 Application: Higgs-Boson Detection

B.8.1 Dataset Details

We use the Higgs dataset available online at http://archive.ics.uci.edu/ml/datasets/ HIGGS,
produced using Monte Carlo simulations [14|. The dataset is nearly balanced, containing
5,829,122 signal instances and 5,170,877 background instances. Each instance is a 28-
dimensional vector, consisting of 28 features. The first 21 features are kinematic properties
measured by the detectors in the accelerator, such as momentum and energy. The last 7
properties are invariant masses, derived from the first 21 features.

B.8.2 Experiment Setup and Training Models

The modified Algorithm 1 is shown in Algorithm 2 and Algorithm 3. Compared with
Algorithm 2, we implement the thresholding trick (Section 3.4.3) in Algorithm 3.
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Figure B.3: This figure visualizes the distribution of the 26th feature, the invariant mass
mww- LThe red and black lines are the histograms of the original dataset. We employ
MMD-M as a classifier, trained and evaluated using ny = 1.3 x 10° and ne, = Nopt = 2 X 10*
through Algorithm 3. The blue(green) line represents all instances z’s whose “witness scores’
f(z; X, Y*)’s are larger(smaller) than tqp.

)

Configuration and Model Architecture

We implement all methods in Python 3.9 and PyTorch 1.13 and run them on an NVIDIA
Quadro RTX 8000 GPU.

For all classifier-based methods in this study (SCHE and LBI), we adopt the same
architecture as previously proposed in [14|. The classifiers are six-layer neural networks with
300 hidden units in each layer, all employing the tanh activation function. For SCHE, the
output layer is a single sigmoid unit and we utilize the binary cross-entropy loss for training.
For LBI, the output layer is a linear unit and we utilize the binary cross entropy loss combined
with a logit function (which is more numerically stable than simply using a sigmoid layer
followed by a cross entropy loss).

For all MMD-based methods (MMD-M, MMD-G, MMD-O, and UME), the networks ¢
and ¢ are both six-layer neural networks with 300 ReLLU units in each layer. The feature
space, which is the output of the neural network ¢, is set to be 100-dimensional. Here UME
has the same kernel architecture as MMD-M, and the number of test locations is set to
be J, = 4096. For RFM, we adopt the same architecture as in [170], where the kernel is
Ku(z,y) = exp(—vy(z—y)T" M (x —y)) with a constant v and a learnable positive semi-definite
matrix M. We set v = 1.

The neural networks are initialized using the default setting in PyTorch, and the bandwidths
0,0’ are initialized using the median heuristic [87]. The parameter 7 is initially set to 0.5.
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For UME, the witness locations W are initially randomly sampled from the training set. For
RFM, the initial M equals the median bandwidth times an identity matrix.

Training

The size of our training set, denoted as n,, varies from 1.0 x 102 to 1.6 x 10°. For a given
ng, we select the first ny, datapoints from each class of the Higgs dataset to form X* and
Y ie., | XY = |Y"| = ny. Subsequently, we randomly select nyafidation = min(y/10ny,, 0.1n4,)
points from each of Xy, Y;, to constitute the validation set, while the remainder of Xi,, Y;,
are used for running gradient descent. The optimizer is set to be a minibatch SGD, with a
batch size of 1024, a learning rate of 0.001, and a momentum of 0.99. Training is halted once
the validation loss stops to decrease for 10 epochs, then we choose the checkpoint (saved
for each epoch) with the smallest validation loss thus far as our trained model. Beyond the
general setting above, in RFM a batch size of 1024 doesn’t work well and instead we use a
batch size of 20, 000.

B.8.3 Evaluating the Performance

Evaluating the p-Value with the Methodology of Algorithm 1

We call the “witness score” of an instance z € X as

Necal

1

Neal <~
1=

f(z X2, Y®) = (F(2, ™) — k(z, X)) . (B.8.1)

1

For a vector of instances Z = (Z1, ..., Z,,), we write
F(Z: X YY) = (F(Z XY, o [ (Zos X, YY),

The testing procedure is summarized in Phases 2, 3 and 4 in Algorithm 2 and Algorithm 3.
In the Higgs experiment, we utilize the Gaussian approximation method to determine the
p-values when the witness function f is not thresholded, which allows us to reach very small
p-values and errors under limited computational resource. In cases where the score function f
is thresholded by a value ¢, using the Binomial distribution as in Algorithm 3 is more precise
and also fast enough.

Given a trained kernel K trained on X" and Y, we set X® = X" and Y* =Y, and
accordingly ne, = ny,. This results in a more efficient use of data (since we reuse X', Y*" also as
X, Y*®). Then, out of the untouched portion of the data, we randomly choose n., = 20, 000
datapoints from both classes to populate X< and Y i.e., | X! = |Y<!| = n., = 20, 000.
In addition to the general setting above, for REFM, we need to solve a 2n.,-dimensional linear
equation during inference, which arises from the inverse matrix in Equation (B.6.3) (solving
K (XRIMXREMY gy — (yRFMYT for 44 € R?™). So we set ne, = min(ny,, 10,000) that X, Ye,
are randomly sampled from the training set.

In order to compare different benchmarks, we evaluate the expected significance of discovery
on a mixture of 1000 backgrounds and 100 signals. For each benchmark and each ny,, we train
10 independent models. Then for each trained model we proceed through the Phases 2, 3 (and
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4) in Algorithm 2 and Algorithm 3 by 10 times for 10 different (X©', X<l Xopt yev ycal yopt)
The mean and standard deviation from these 100 runs are reported in Figure B.4.

We also display in Figure B.5 the trade-off b (m, ne,) and (m,ny,) to reach certain levels
of significance of discovery in MMD-M. From the bottom left plot, we see that the (averaged)
significance is not sensitive to ne, when lgn,, is large. So taking n., = 20,000 is sufficient.

Evaluating the Error of the Test (3.2.4)

We set the parameters to be § = 0.1 and 7 = %5 in our experiments. As explained
Appendix B.7.3, here we no longer take X® = X'. Empirically, taking X = X yields
a very bad threshold v(X®,Y® 7).? Instead, X* is sampled from untouched datapoints
other than X', and the same applies for Y. We still take ne, = ny here, resulting in a
total size of ne, + ny = 2ny,. Specifically, when ne, > 10,000, computing a ne, X ne, Gram
matrix becomes computationally expensive, so we adopt Monte Carlo method to compute
7(X®,Y*® m), in which we subsample 10,000 points from X* and Y to calculate v and
repeat this process 100 times.

Again, we utilize the Gaussian approximation. Recall that the test is to compare T" =
L3 f(Z;) with 4. The type 1 and type 2 error are estimated as

(X, Y, ) — E[f|H]
CDF xr(o,1) ( var(f[Ho)/m )
and
L) (X ¥ m)
CDF n(0,1) ( var(f|Hy)/m )

for the witness function f, which can be estimated efficiently using the calibration samples
Xcal’ Ycal .

We consider both the regimes of fixing kernels and varying kernels (training kernel based
on n). The results are shown in the top plot in Figure 3.1 and the top plot in Figure B.5. For
each point on the plot, we train 30 independent models and test each model 10 times, and
report the average of these 300 runs. In both plots, we observe the asymmetric m vs n trade-off.

Algorithm 2 Estimate the significance of discovery of an input Z.s, using the original
statistic
Input: (X%, X, X< (Yt Yo V). parametrized kernel K,,; input Zieg.
# Phase 1: Kernel training on X' and Y
w 4— arg max°Pimizer J( Xt Yt }¢ Y 4 magzimize objective J(X®, Y K,) as in (3.4.1)
# Phase 2: Distributional calibration of test statistic
Scores? f(Xl: X ye) # Scores”) has a length of nea
Scorest) « f(Ye!; Xev yev) # ScoresV) has a length of nea

3If the kernel K(-,-) = Kxw yw(-,-) is independent of X Y, then we have v(X®, Y §/2) ~
3 (Ezep, [T(X®, Y, Z2)] + Egzspy+(1—5)px [T(X®, Y, Z)]). However this is no longer true if (X*,Y™)
and (X*,Y*®) intersect.
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0o < mean(Scores) # estimate E[f(Z)|Z ~ Px]|
0, <+ mean(Scores?) # estimate E[f(Z)|Z ~ Py]
0o + std(Scores?) # estimate /var[f(Z)|Z ~ Px]
# Phase 3: Inference with input Zes

m < length(Zies;)

T 4 T§(Ziest; X, Y) = mean(f(Ziest; X, Y*)) # compute test statistic
Zdiscovery — %

Output: Estimated significance: Zgiscovery

Algorithm 3 Estimate the significance of discovery of an input Z.s, applying the
thresholding trick

Input: (X', Xev, X Xoprt) (Yt yev yeal yort): parametrized kernel K ; input Zeg.
# Phase 1: Kernel training on X and Y™ R
w 4 arg maxPtimizer JXt YU [0 Y 4 mazimize objective J(XT, Y'Y K,) as in (3.4.1)
# Phase 2: Find the best threshold
Scores® « fXoPH XV YY)
Scores!) « f(YoPt; X yev) # witness function as in (B.8.1)
fori=1,2,...,2ny do

t = (Scores'” U Scores™M)[i]

TP, TN = mean(Scores!) > t), mean(Scores”) < t)  # true positive and true negative

rate
power; = % # find t to mazximize the (estimated) p-value
end for

topt = (Scores”) U Scores™M) [arg max; power;]
# Phase 3: Distributional calibration of test statistic (under null hypothesis)

Scores® « (f(X< X V) > t) # Scores'”) € {0, 1}
ScoresV) « (f(Y<@l X V) > t) # ScoresV) € {0, 1}
0o < mean(Scores) # estimate E[f,(Z)|Z ~ Px| € [0,1]
0, <+ mean(Scores?) # estimate E[f(Z)|Z ~ Py] € [0,1]

# Phase 4: Inference with input Z;es

m < length(Ztest)

T 4« T§(Zyest; X, Y) = mean(f(Ziest; X, Y) > 1) # compute test statistic
Zdiscovery — CDFX/}(OJ) (CDFBin(m,Go)(T))

Output: Estimated significance: Zgiscovery
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Figure B.4: Complete image of Figure 3.1 in the main text. The mean and standard deviation
are calculated based on 100 runs. See Appendix B.8 for details.
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Figure B.5: The top plot displays the (m,ne,) trade-off to reach certain levels of total error
using ny, = 1.3 x 10° in MMD-M. The bottom figures show the trade-off of (m,ne,) and
(m, ny) to reach certain level of significance of discovery in MMD-M. In the bottom left figure,
we fix ny = 1.3 x 10%. In the bottom right figure, we fix ne, = 20,000. See Appendix B.8 for
details.

B.9 Limitations and Future Directions

Finally, we discuss several limitations of our work and raise open questions that we hope
will be addressed in future works. From the theoretical side of our arguments, we point out
several aspects. First, our upper bound (on the minimax sample complexity) Theorem 3.3.1
has a likely sub-optimal dependence on «,d. Second, it might be possible to improve our
lower bound to a more natural form by replacing [|A||2,sx by [|A]|2 and removing the constraint
that the top eigenfunction has to be constant. Third, it remains open to extend our theory
to include data-dependent K, as opposed to fixed K.

Empirically, our proposal Algorithm 1 can be inefficient in Phase 2 (prior works such
as [143] have used permutation-based arguments for a more efficient estimate), which we
adopted due to its simplicity and universality in all benchmarks. Moreover, one might hope
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that LFHT /mLFHT can be extended to more complex applications, such as text data or
videos. Such questions are important to investigate as a future direction.
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Appendix C

Appendix of “Minimax Optimal Testing
via Classification”

C.1 Auxiliary Lemmas

We state some auxiliary lemmas which will be used for the proof. We begin with a simple
identity for standard normal distributions.

Lemma C.1.1. Take a,b € R and let Z be standard normal. Then

E(I)(aZer):CI)(\/%).

Proof. Let Z' be a standard Gaussian independent of Z. Then

Z'—aZ b b
E<I>aZ+b:PaZ+sz’:P( < ):fb( )
( ) =P ) Vita? ~ V14a? V1+a?

The following lemma is the celebrated result of Gaussian Lipschitz concentration.

Lemma C.1.2 (Lipschitz concentration for Gaussians [201, Theorem 5.2.1|). Let Q be a d-
dimensional standard Gaussian and let f : R? — R be o-Lipschitz. Then f(Q) is sub-Gaussian
with variance proxy 2.

The next lemma states the Chernoff bound for Poisson random variables.

Lemma C.1.3 ([149, Theorem 5.4]). For all A > 0 and x > 0 we have

P(Poi(A) = A > ) < exp (—2(;—_;)) )

T

P(Poi(\) — A < —z) < exp (-%) .

The following technical lemma is helpful in establishing the Bernstein concentration in
Lemma C.2.1.
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Lemma C.1.4. Leta > 0,p,q € [0,1] and define T = p(1—p)Aq(1—q),v = p(1—p)Vq(1—q).

Then 1t always holds that
14 2
N"g <aVTH+a+1|p—q|

In particular, if |p — q| > a\/T + a?, then
Alp—ql = av/T + a/v + .

Proof. After rearranging and noting that 1 4+ 2v/2 < 4, it is clear that the first inequality
implies the second. Below we prove the first inequality.

Since the claim is invariant under the transformations (p,q) — (¢,p) and (p,q) —
(1 —p,1 — q), it suffices to consider the case where p < 1/2 and p(1 —p) < q(1 —¢q). It
further suffices to consider the case where p < ¢ < 1/2: if not, then p < 1—¢ < 1/2, and
the transformation (p,q) — (p,1 — q) keeps (7, v) invariant while makes |p — ¢g| smaller. The
proof is then completed by considering the following two scenarios:

o if p>¢q/2, then v =¢q(1 —¢q) <2p(l —p) =27, 50 a\/v/2 < a\/T;

e if p < /2, then 2a\/v <a®+v <a®+q<a*+2(q—p).

C.2 Omitted Proofs from Section 4.1

C.2.1 Proof of Lemma 4.1.2

Before we prove Lemma 4.1.2, we begin with a technical lemma on the Bernstein concentration
of the classifier-accuracy test (4.1.2).

Lemma C.2.1. Suppose Ay,..., A, %Ber( ) and By,...,Bp, “ Be r(q). Let 7 =p(l —p) A

B
q(1—q) and define the averages A 1 A and B = % Z;n . There exists a universal
constant ¢ > 0 such that

P (‘fl—[ﬂ < %|p—q| 1 Jelog(1/0)r lclog(1/5)> <

2 nAm 2 nAm
<|f1 B|>2lp—ql + clog(1/0)r +2clog(1/5)> <5
nAm nAm

Proof. Let v = p(1 —p) V q(1 — q). Note that the first inequality is trivially true if

clog(1/0)r N clog(l/é)'

—ql <
|p q!_ nAm nAm
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Assuming otherwise, by the second statement of Lemma C.1.4, the first probability is upper
bounded by

- = 5 [clog(1/6)r 1 [clog(1/d)v  bclog(1l/6
o (14— Bl < lp— g - 5 [10B0000 1 [clogl1]o)w _5cloa(1/0))
8 nAm 8 nAm 8 nAm
By choosing ¢ sufficiently large (indfzpendently of p,q,n,m,d), and applying Bernstein’s
inequality separately to both A and B, the above probability can be made smaller than ¢.
For the second inequality, using the first statement of Lemma C.1.4, it is upper bounded

by

clog(1/0)r 1 [clog(1/d)v N clog(1/5)>
nAm V2 nAm nAm |’

P(IA—B\z!p—qH clogll/olr , 1

Again, taking c sufficiently large (ir_ldependently of p,q,n,m,d) and applying Bernstein’s
inequality separately to both A and B, the above probability can be made smaller than §. [J

Now we proceed to prove Lemma 4.1.2. Using n test samples (X,Y") from both p and ¢,
consider the following classifier-accuracy test: we accept Hy if
1 T log(1/0 log(1/6
LS e s) -~ 1 e g < | TR closll/D)

n“
=1

n

<

Y

and reject Hy otherwise. Here ¢ > 0 is a large absolute constant, and we note that the
threshold only relies on the knowledge of 7 in addition to (n, ).

To analyze the type-I and type-II errors, first assume that Hy holds. Since sep(S) =0
under Hj, the second statement of Lemma C.2.1 implies that we accept Hy with probability
at least 1 —§/2 if ¢ > 0 is large enough. If H; holds, with probability at least 1 — /2, by the

first statement of Lemma C.2.1 we have
7 log(1/0 log(1/6
Z|sep|_< C og(/) cog(/)>.

n
1
n n

~> (L(X; €8) —1(Y; € 9))

By the lower bound of n assumed in Lemma 4.1.2, in this case we will reject Hy, as desired.

C.2.2 Proof of Proposition 4.1.3

Lemma C.2.2. Let p be a non-negative measure on some space X and let a,b: X — R,
such that [ a(z)dp(z) >0 and b(z) =0 only if a(z) = 0. Then

o (f@) _ Ja@dp) | fat)
28, (50) = T <.z, (7).
Proof. Defining 0/0 = 1, we have

[ atwanto) = [ F)auta)

b(x)
< sup (@) /b(a:)du(a:)
o x€spt(p) b(l’) '
The other direction follows analogously. O
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Proof of Proposition 4.1.3. Let p,q be the densities of P, Q with respect to a common domi-
nating measure, and let £ =: {x : p(x) > ¢(x)} so that TV(P,Q) = P(E)—Q(F) > O Assume
without loss of generality that P(E)+Q(E) > 1. Givent € [0, 1] define £y =: {z : Z571 > ¢},
so that the map t — P(E;) + Q(E;) is non-increasing and left-continuous. Note that Eg E
while F; = @, so that t* = max{t € [0,1] : P(E;) + Q(E;) > 1} exists. Now choose the
randomized classifier C as follows:
O lf xr &€ E(t*)+’
C(:U) — 1 lf X ¢ Et*7
Ber(T) if x c Et* — E(t*)-‘r,
where E(t*)+ = ﬂt>t*Et g Et*, and
_ 1 — P(E(t*)+) - Q(E(t*)+)
P(E+) + Q(Ep) — P(E)+) — Q(E+y+)
This classifier is balanced, as
P(C(X) =0)+Q(C(X) =0)

= P(Ey+) + Q(E)+) + 1(P(Ep) + Q(Ep) — P(Eu+y+) — Q(E(s)+))
=1.

€ [0,1].

For ¢ € [0, 1] define
ﬂﬂ:{xmm»—manmma»+mm» if P(E:) +Q(E,) > 0.

1 otherwise.

Let 0 <t < s <1, we show that f(t) < f(s). Without loss of generality assume that f(s) < 1
and that P(E \E;) + Q(Es\E;) > 0. Notice that f(t) < f(s) if and only if

@%ww—<m%gs o)~ o
fEt\Es (p(z) + fES ())dx’
However, the above inequality follows from Lemma C.2.2. Thus, it holds that
P(C(X) =0) —Q(C(X) = 0) * P(E) - Q(E)
P —0) e -0 == 1O = sEaEy
Plugging in P(C(X) = 0) + Q(C(X) = 0) = 1 and P(E) + Q(F) < 2 yields the result.

To show tightness, one can consider p(z) = ILpa}, ¢(x) = (1 + €)lp1/a4a, Clx) =
ﬂxe(l/(2+e),1}, and let e — 0. ]

C.3 Omitted Proofs from Section 4.3

C.3.1 Useful Lemmas

Before we present the formal proofs, this section summarizes some useful lemmas on the
expected value and sub-Gaussian concentration of the separation.

211



Lemma C.3.1. Let 4 > XA >0 and X ~ Poi(u),Y ~ Poi(\). Then

1 1 w—A
PX>Y)+-P(X=Y)—=-2> A1l
X204 gP =Y) =z e(fi )

holds, where ¢ > 0 is a universal constant.

Proof. For t € [\, ] define the function
1
f(t) =P(Poi(t) >Y) + §P(Poi(t) =Y).
Clearly f(A) = %. We have

%P(Poi(t) >Y) = —P(Poi(t) > Y) + P(Poi(t) > Y — 1) = P(Poi(t) = Y).

Similarly we get
CP(Poi(t) = ¥) = —P(Poi(t) = ¥) + P(Poi(t) = Y ~ 1)

Thus, we obtain
F(t) = %E P(Poi(t) € {Y — 1, Y})].

Next we prove the following inequality: if y is a non-negative integer with |y — ¢| < 8/,
then

P(Poi(t) =y) =Q (\/tl—l) : (C.3.1)

To prove (C.3.1), we distinguish three scenarios:
1. If t < 1/100, then the only non-negative integer y with |y —¢| < 8y/t is y = 0. Therefore
P(Poi(t) =y) = e " = Q(1).
2. If 1/100 <t < 100, then 0 < y < 180. In this case,
P(Poi(t) =y) > min min P (Poi(t) = y) = Q(1).

T 1/100<t<100 0<y<180

3. If t > 100, then for t — 8/t < Y1 <y < t + 8v/t, we have

P(Poi(t) = 1) o Yo! ot _1 /2y, 0(16vD)
- = ty2 A il —= -_ = 1 :l: (9 t /2 = @ 1 .
P(Poi(t) = y2) vi! 1] g = 1EOE) .

y=y1+1

In the above we have used that [t /y—1| = O(t='/?) for all y € [y1, 2], and yo—y1 < 161/1.
Consequently,

P(|Poi(ti6—\/7%| < 8\/?5)) 9 (L) |

Vi
where the last step is due to Chebyshev’s inequality.

P(Poi(t) = y) = Q (
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Now we apply (C.3.1) to prove Lemma C.3.1. We first show that for non-negative integer
Y,

{ly =N <2VAIA{VA S VESVA+ 1} = {ly — t| < 8V1}. (C.3.2)

In fact, if VA < v/2 — 1, then the LHS of (C.3.2) implies that y = 0 and ¢ < 2, thus (C.3.2)
holds. If v/A > v/2 — 1, then the LHS of (C.3.2) implies that

ly—t] <y =M+ (=X <2VA+ (2VA+1) < 8/ < 84,

and (C.3.2) holds as well. Next, by (C.3.1) and (C.3.2), as well as Chebyshev’s inequality
PJY — Al < 2\/X) > %, we have
FO>2  min P(Poi(t) = y)
~ 8 yz0fy-A<2va Y

> g]l{\/X <VEt<VA+1}- min P(Poi(t) = y)

ly—t|<8vt
_q H{VA<VE<VA+1} 4 H{VA<VE<VA+1}
N VE+1 N VAT ‘

Finally, for some absolute constant ¢ > 0 it holds that

f(u)—f(k)Z/Auf’(t)dtzc/:ﬂ{ﬁg\/%ﬁ+l}dtzc<5%A1),

which is the statement of the lemma. O

Lemma C.3.2. For any D C [k], each of sep(Ss(D)),s € {>,<,1/2} is sub-Gaussian with
variance proxy o which can be bounded as

pi+a 1
0252(%—%)2/\ - IO(—)7

. n
€D

with universal hidden constants.

Proof. Using standard tail bounds of the Poisson distribution (Lemma C.1.3) we have for
any ¢ € D with p; > ¢,

A

P(i € S<(D)) < P(i & S1/2(D)) < P(i & S-(D))
= P(Poi(np;) < Poi(ng;))

1 1
<P (Poi(npi) —np; < —§n(pz- - qz)) +P (Poi(nqi) —ng; > én(pz — qz)>
. q.)2
Di + qi
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for some universal ¢ > 0. Similarly, if ¢ € D with p; < ¢; we get
P(i € S5(D)) < P(i € S12(D)) < P(i ¢ S<(D))

. : n(pi — ¢;)°
= P(Poi(np;) > Poi(ng;)) < 2exp (—c—) .
Pit G
Using these estimates we turn to bounding the moment generating function of sep(gs) for
s € {>,<,1/2}. Before doing so, recall [34, Theorem 2.1| that the best-possible sub-Gaussian
variance proxy og (1) of the Ber(u) distribution satisfies

1
5 — M
ngt(,u) = : 1 )
log (; — 1)

where the values for ,u € {0, 2 5, 1} should be understood as the limit of the above expression

(resulting in 0, = 0, 1, 0 respectively). Notice also that p — 02, (n) is increasing on [0, 3]

and decreasing on [3, 1], and
56T if 0 < p<1/4,
oon(p) << 1/4 if 1/4 < p<3/4,

2 .
ee/a Ty d3/4<p<l

Let T C D denote the subset of indices given by
i — i)’ 1 ; + ¢ log(8
T = iEDZQGXp —CM >4 = iEDI(pi—qi)2§p+q Og() .
Di +qi 4 c

Now, for any s € {>,A<, 1/2}, the sub-Gaussian variance proxy o2 of sep(Ss) — Esep(gs) =
Y iep@i —qi)(1{i € S;} —P(i € S,))) is at most

% 2(pi +qi Pi + ¢
Z + Z (i — a)* - 2t ) <D i — @) A )

i€T i€D\T en(pi = ai)* ™ icD n

> 3

where the second step used the definition of 7. In particular, since >, ,(p; + @) /n < 2/n,
the above expression is always upper bounded by O(1/n). ]

C.3.2 Proof of Proposition 4.3.1
By Lemma C.3.1, we have

Esep Sl/g ZP 1€ 51/2 )
i€k]
1
—Z Z651/2 —5)(%‘—%’)
i€k]
|pz 1,|
2 AL | |pi — 4
%( n(pi A g) +1 )'p g

> min

i {ZW 2 b q,}.
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Applying the Cauchy—Schwarz inequality twice, we can bound the first term above by

5 (Sl all 0ol
1€G ql + pl ZzeG vV QZ + pz V 2nk + k2

Therefore, we get the lower bound
A ne e if € <
Esep(Si/e) > min { ————— 4+ e—¢ p =<4 *
p( 1/2)N0<61<6{ k:(n—i—k:) 1} {6—%2% ife>

where \ = k(n+k \/7\/ k

By Lemma C 3.2 we know that sep(Sl /2) is sub-Gaussian with variance proxy O(1/n),
which implies that | Sep(51 12)| 2 € /\ \/_ A 2) with probability at least 1 — 4, provided that

1 n on log(1/0)
2 (= o o > A\ VT
€ (E/\\/;/\k> Z n

The above rearranges to n 2 nrts(e, 0, Pp).

N> N>
Vv
o
]

7 N

N | =
>

> 3
>

> 3

N———

C.3.3 Proof of Proposition 4.3.2

A direct computation gives

2E sep(Ss) = QZ ¢)P(i € 55)

— P <P01 (27;) > Poi (%)) 1 e/
S _(1 . e—n/(2k))e—n/k +1— e—n/(4k)

_e—n/k + 6—3n/(2k) +1— 6—n/(4k) S 07

for exp(—n/(4k)) £ 0.86. Rearranging, this gives the sufficient condition n/k < 0.6.

C.3.4 Proof of Proposition 4.3.3
Similar to the proof of Proposition 4.3.1, we have by Lemma C.3.1 that

Esep(S1/2(D)) = Z(pz — qi)P(i € Si2(D)) > c€(D) + %{p(D) —q(D)}
~Esep(D\ 512(D) = 3t~ pIP(i & $12(D) = (D) + 1 {a(D) ~ p(D))

n|pi*£1i|2 /\ |
n(ping;)+1

E [sep(S. (D)) — sep(S<(D))|
—E [sep(Sl/z(D)) —sep(D\ S /Q(D))] > 2¢£(D).

The bound on the sub-Gaussian variance proxy follows directly from Lemma C.3.2.

where ¢ > 0 is universal and £(D) = ., pi — qi|. Therefore,

(C.3.3)
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C.3.5 Proof of Corollary 4.3.4

By a two-fold sample splitting, suppose that we have independent held out samples (f( , }7)
identical in distribution to (X,Y’). In the sequel we will use samples (X,Y’) to construct two
separating sets, and use samples (X,Y) to make a choice between them.

Let the sets S5 =: S- ([k]), S« = S-([k]) be constructed using X,Y. By Proposition 4.3.1
and 4.3.3, we have

. N 1
Esep(85)] v [Esep($2)| 2 ¢ (— A2 A ﬁ) ,
€

kk
2(5 —|—0' S< sz+Qz<
~kvn’

where the last step have used that p; +¢; < 1/k in PDb. Going forward, we assume that

~

1 n on log(1/9)
2= — A= > =7
‘ (6/\\/;/\]{3> ~ kvn '

which rearranges to n > ngoe (€, 8, Pp). Consequently, this ensures that | sep(Ss)|V|sep(S2)| =
€ (% A \/% A %) with probability 1 — O(0). Moreover, as n 2 log(1/§), with probability at
least 1 —0 we have Poi(n) < 2n (cf. Lemma C.1.3). Under this event, one has |S|V|S| < 2n,
and

S.| V|8 2n
(&) v (o) 5 1BV I5

ANl < —AL
ok

Next we make a choice between S‘> and 5’< ‘based on held out samples ( ,17). Let p,q
denote the empirical pmfs constructed using X, Y respectively. For any set A C [k] write
sep(A) = p(A) — G(A). We define our final estimator to be

. {s> if [sep(S5)] > [sep(S-)],

S.  otherwise.

Clearly 7(5) < 7(S5) V 7(S2) < 1A (n/k). To show the high-probability separation of S,
note that by Lemma C.2.1, it holds with probability at least 1 — O(4) that

T(S) log(1/0) N log(1/0)

. 1 .
[sep(S)] 2 5lsep(S)| - O

= SISD(3.)] v IsB(52)| - O ( os1/0) 1og<§/6>>
= i\ sep(S-)| V [sep(S<)| — O ( 10§(v1/k(5) N log(i/é))

ol (b 3) o R )

Here the first term always dominates the second as long as n 2 nger(€, 9, Pp).
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C.3.6 Proof of Proposition 4.3.6

Similar to the proof of Corollary 4.3.4, we apply a two-fold sample splitting to obtain n
independent held out samples (X, Y). In the sequel we construct 2(¢+2) candidate separating
sets from (X,Y), and make a choice among them using held out samples (X,Y).

The construction of the 2(¢ + 2) separating sets is simple: for each j € {0,1,--- ¢+ 1},
we construct two sets Ss (D;) and S-(D;). The following lemma summarizes some properties
of these separating sets. Recall that we assume that ¢ = k A (com/log(1/6)) > n so that

£ = Tog,(t/n)] > 1.

Lemma C.3.3. Fiz any j € {0,1,--- ,{+ 1}, and let ¢; = ZieDj |pi — qi|. With probability
at least 1 — 9, the following statements hold:

1. if 5 =0, then

‘sep(5'>(D0))’ v ’SQp(S<(DO))‘ > Fy— O < E, loi(l/é)) 7

where

!
ne .
Eo = Z nlpi — @il Alpi — @il 2 ko =: Fy(eo).
i€ Do

2. if j € [{), then
‘sep(g>(Dj))’ v ‘Sep(g<(Dj))‘ < B0 ( M) |

where

ne ~
= Sl ol Al 2 i = B
J

3. if =L+ 1, then

‘Sep(§>(Dz+1))‘ \ ‘Sep(§<(Dz+1))‘ 2 B —0O ( w> )

where

2
n\p; — 4q; n ~
Ep = g u ANpi —al 2 \/%%H =: Epp1(€eet)-

nag;
iEDZ+1 QZ

Proof. We prove the above statements separately.
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1. Case I: j = 0. By Proposition 4.3.3, it holds that
E[sep(S- (Do) — sep(S<(Do))] 2 > nlpi — ¢l A lpi — @il = Eo,
i€Dg

where we have used Lemma 4.3.5 that ¢; < 2/t < 2/n for all i € Dy. Moreover,

o*(sep(S(Do))) V UQ(Sep(5’<(Do)))

pz + ¢ EO
< E |pz_%|2 < E |pz_% /\|pi_Qi|) = n’
i€Dg ZEDO

where the last inequality is due to the following deterministic inequality: if ¢ < 2/n,
then

APta L

p—ql* A (nlp—QIQ/\ p—q|).

The proof of the above deterministic inequality is based on two cases:
o if p < 3/n, then [p—q|* < |p—a* A (Ip — al/n);
o if p>3/n, then p+q Snlp—qf> Ap—ql.

Consequently, we have the first statement. For the second statement, similar to the
proof of Proposition 4.3.1 we have

n(eh)? 1 n ne
Ey > min < (k;O) —|—60—€6)Z€3(—/\—)X—0.

€,€[0,€0] €0 k

2. Case II: j € [¢]. By Proposition 4.3.3 and Lemma 4.3.5 we have

Efsep(S-(D;)) —sep(S<(D))] 2 > n(pi — 4:)* Alpi —a:| = E
’iED]’
Similar to Case I, we have

. i +aq _ Ej
o (sep(S- (D)) V o (sep(S<(D;) $ 3 I — P A P 2,

n
1€D;

and the first statement follows.

For the second statement, note that |D;| < ¢/2771 = O(y/kt/27) by Lemma 4.3.5.
Therefore,

2 2
E; > min (n(eg) + €; ) > 2 l A\ n = M .
T =g \ Dy T )Y g k2 VKt /2
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3. Case III: j = ¢+ 1. By Proposition 4.3.3 and Lemma 4.3.5, we have
E[ Sv Q > n<pz z)
sep(3 (D)) — sep(S< (D)) 2 3 "I g = By
1€Dp 1 i
The first statement then follows from Lemma C.3.2. The second statement then follows

from
. n<€2+1)2 ' 2 1 n n o
—— =t — €y | 2 €& — A7 | XA €
€p41€[0e0+1] ( vnk + 1 €r4+1 k ko

Ey1 > min

The proof is complete. O
ABased on Lemma C.3.3, we are about to describe how we choose from the sets
{95(D;j), S<(Dj) }i= £+l Similar to the proof of Corollary 4.3.4, using the held out samples

(X,Y), we can obtam the empirical estimates sep(S,(D,)) for all s € {>,<} and j €
{0,1,---,¢+41}. With a small absolute constant ¢; > 0 and E; as defined in Lemma C.3.3,
the selection rule is as follows: if there is some s € {>,<} and j € {0,1,--- , £+ 1} such that

[SED(Ss(D)))] > e e/ (£ +2)),

then choose S = S'S(Dj); if there is no such pair (s, 7), choose an arbitrary S.
We first show that with probability at least 1 — O(kd), such a pair (s, ) exists. Since
lp — qll1 > €, there must exist some j € {0,1,---,¢+ 1} such that €; > ¢/(¢+2). As long as

n > congor(€/¢, 0, Pp)

v

for a large constant ¢, > 0, one can check via Lemma C.3.3 that | sep(Ss (D;))|V|sep(S<(D;))]
4¢,E;(e/ (£ + 2)) for a small enough universal constant ¢; > 0. Assuming that n > log(1/d),
we have 7(55(D;)) V 7(5-(D;)) = O(n27 /t) with probability 1 — O(8) due to Poisson con-
centration (Lemma C.1.3). On this event, it holds with probability at least 1 — § that (cf.
Lemma C.2.1)

(S (D) V (S (D,))] 2 20/ (€ +2)) — O ( P 1osC/0) | losll/ 5>> ,

which is at least ¢; E;(¢/(€ +2)) as long as

\/7 =Ny 1IN ——= og 1/(5 > csneor(€/4, 9, Pp) (C.3.4)

for some large c3 > 0. Therefore, provided (C.3.4) holds, the desired pair (7, s) exists with
probability 1 — O(kd) due to a union bound.

Conversely, if [sep(Ss(D;))| > ¢1E;(e/(£ + 2)) holds for some (s, ), the true separation
sep(S,(D;))] is at least of the same order as well. Indeed, Lemma C.2.1 shows that

27log(1/5)  log(1 /5))

t n

sep(S,(D))| > 3 ID(5.(D,)] - O (

which is at least ¢; E£;(e/(€ + 2))/4 as long as (C.3.4) holds. This completes the proof.
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C.3.7 Proof of Proposition 4.3.8

The statement of Proposition 4.3.8 follows immediately from the following lemma.

Lemma C.3.4. Let sep(S) =: ugx (S) — pgv (S). There exist universal constants ¢; > 0,i € [5]
such that for J = |e1e™V/*] we have
Elsen(S)] + % >
se _—
P Vvn T J/n

) < 2exp(—csnt?)

(‘sep(é) E sep(S

for allt > 0.

Proof. Write || - ||, (-, -) for the £* norm/inner product restricted to the first J coordinates.
Notice that given 0% and 0¥, T(0) is simply a Gaussian random variable with ET'(¢) =
16Y — 02 — [|6X — 0||? and Var( ) = 4//6% — 6Y||%. Define the vectors

U= -0
V={6)+6/}_,
Note that they are independent, jointly Gaussain with variance 2/;/n and means equal to

the first J coordinates of 8% T 0¥ respectively. Let ® be the cdf of the standard Gaussian
and ¢ = ¢’ be its density. The separation can be written as

sep(S) = f(0) — f(0"),

where

-0 (ESEEE o (ot oo

We focus on proving the desired tail bound first. To make the dependence on the variables
explicit, write g(U, V') = f(8%)— f(6") for the separation. Given U, V is a N'(6* + 6,21, /n)
random variable. Differentiating ¢ and using that ¢ is 1/v/2me-Lipschitz we have

IVea @I = | - 57 <¢ (‘% <V’ ﬁ> ! <9X’ ﬁ»
—¢(—%<V’ﬁ> +< HUH>)>H
= [( o )

<
e

8
Ce

IN

(0]
5
m .
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By Lipschitz concentration of the Gaussian distribution (Lemma C.1.2) we conclude that
g — E[g|U] is sub-Gaussian with variance proxy CZ/(4wen). Next we study the concentration
of E[g|U]. To this end, note that

) el ) £)

Thus, using the independence of U and V and Lemma C.1.1 we obtain

Elg(U.V)|U] = E[f(6F) - f(6)|U]

) ()

where we write W =: <0X —0Y, ﬁ> Let & = ®(-/1/4 + 2/n) to ease notation. Once again

by Lipschitzness of ®, we obtain for every ¢t > 0 that
P <‘§>(W) - E@(W)) > t) <P ()é(W) - i)(EW)‘ >t — ||| Var(W)>

§P(|W—EW|2 L Var(W)>,

1 |uip

and an analogous inequality can be obtained for —W. The last ingredient is showing that W
concentrates well.

Lemma C.3.5. W is sub-Gaussian with variance proxy 1/(2n).

Proof of Lemma C.3.5. To simplify notation, let 7 = 6% — Y 02 = 1/(2n) and let Q be a
zero-mean identity-covariance Gaussian random vector so that

Wi<7' T+0Q >
4ol /-
We have

T4+ 0@ B T T+ 0Q -
<T’ ||T+0QH> - <E||T+JQH’ I+ o0l >S”T+UQ” E|l7 +0Ql)

[-|<1 almost surely

’
+f<ah+a@wQ>

J

g

N 02 sub-Gaussian

J/

vV
02 sub-Gaussian

where we use that E||7 + Q|| > ||7]| by Jensen’s inequality, and apply Lemma C.1.2 twice.
Overall, this implies that W is sub-Gaussian with variance proxy o? = 1/(2n) as required. [J

Recall that we have decomposed the separation as follows:

sep($) ~ Esep(§) = g —ElglU] +®(W) — B(=W) — E[B(W) — b(~1V)]

~
O(1/n) sub-Gaussian O(1/n) sub-Gaussian tails beyond O(1/+/n)
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which completes the proof.
Let us turn to calculating the expected separation. We have already seen that

E%mﬂzEﬁwm_éeW).
Again by Lipschitzness we have |[E®(W) — ®(EW)| < ||®||uE|W — EW| < 1//n by Lemma
C.3.5. Thus, we see that
~ 1 ~ ~
Esep(S) + Q <ﬁ) > O(EW) — &(—EW),

where the implied constant is universal. To simplify notation, let 7 = 6% — 0¥, 0% = 1/(2n)
and let ) be a standard normal random variable. Looking at EW we have

1 1
W — & (r. 2o ) = 2E{n Vol +0Ql) = SE[(7, @) I+ 00|

by Stein’s identity. By the rotational invariance of the Gaussian distribution, the above is
equal to

I~

EW =-~—E {Ql\/(HTH +0@Q1)?2+ -+ UZQ?,}

o

e o/l o@r+ 405 - Qufinl v o2t - o3

~ 2r|E [ o ] |

VAT 0@+ + 2@ + /R + 2@ + - + 02Q3
By the Cauchy-Schwarz inequality we have

Q1
U+ Q)+ + 2@ + /R + 2@ + - + 02Q3
Plugging into our expression for EW this yields

(E|Q:))* SE [ (II7]] + 0\/3).

[l
Y+ oV
To clarify notation, let us now write || - || 7 for the £>-norm restricted to the first J coordinates.

Taking J = ce/* it holds that
1715 = MI71> =D 77 = 7P = T2 > 775> = |I7l* — 7> 7I2.
i>J i>J
Since [|7]|s < 1 and ||7]| > € by assumption, we see that for large enough universal constant ¢

we have ||7]|; > €/2. Since the map x — z?/(x + ¢) is increasing for z, ¢ > 0 it follows that

62

EW 2 ——
e++/J/n

for a universal implied constant. By the inequality ®(z) — ®&(—z) > x/2 for z € [0, 1] we
obtain

S(EW) — &(—EW) > 1 AEW/2,
which completes the proof. O
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C.4 Lower bounds

Recall the notation of Section 4.2.1. Given two hypotheses Hy, H1, our aim is to lower bound
the minimum achievable worst-case error. To this end, we use the following standard fact:

min max sup Pgs.p(¥(S) # i) >
P 1=0,1 PeH;

(1-TV(ER,EPR)), (C.4.1)

N |

where Py, P, are any random probability distributions with P(P;, € H;) = 1 and EP; denote
the corresponding mixtures and TV denotes the total variation distance. Hence, deriving a
lower bound of order § on the minimax error reduces to the problem of finding mixtures EPF,
such that 1 — TV(EP,,EP;) = ©(0). To this end we utilize standard inequalities between
divergences.

Lemma C.4.1 ([168]). For any probability measures P,Q the inequalities

B L e !
1-TV(P.Q) = 5e = 21+ (PQ))

hold, where KL and x? denote the Kullback-Leibler and x? divergence respectively.

Many of our lower bounds will follow from reduction to prior work.

C.4.1 Lower bounds for Pp,

In [77] the authors gave the construction of distributions p, ., po € Pob(k,2) (originally due
to Paninski) for a mixing parameter n such that TV(p, ., po) = € < \/KL(py.e, po) for all n,

where the implied constant is universal. They further showed that

9 ® ® n2€4
X (Eypyespo") < exp (c—k ) -1 (C.4.2)
and

n n m min + m 64
E, [Py ® Py @ pg }) < exp (c<—)) -1 (C.4.3)

(B[ @ 2] ;

for a universal ¢ > 0.

Remark 22. More precisely, (C.4.3) can be extracted from [77] using the chain rule for x*
(as opposed to KL ).

Lower bound for TS and GoF

Take Py = p§®" and Py = p&p @ p§™ in (C.4.1) for a fixed ng. Then, by Lemma C.4.1 and

the data-processing inequality we have

!

1 1
1—-TV(EPR,,EP) > 5 exp(—nKL(pey|lpo)) > 5 exp(—cne?) = Q(6)
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for a universal ¢ > 0. This shows that GoF, TS are impossible at total error J unless

n 2 log(1/8)/e*, which gives the first term of our lower bound.
For the second term, consider the random measures Py = p3?" and P, = p§" ® pg’; in
(C.4.1). Then using (C.4.2) and Lemma C.4.1 we have

1

24\
exp (—c%) = Q(9).

Therefore, TS is impossible unless n 2> \/klog(1/0)/e*, which yields the second term of our
lower bound.

1 — TV(EP,ERy) >

N — DN —

>

Lower bound for LFHT

The necessity of m > log(1/8)/e¢* and n 2> \/klog(1/8)/e? follows as for TS above. Taking
Py =pi" @ pZ) @ pg™ and Pr = pg" ® pe"™™ in (C.4.1), using (C.4.3) and Lemma C.4.1
we obtain the inequality

1

1—TV(EP),EP) > %
4 !
S %exp (_CM) L o).

- k
Therefore, LFHT is impossible with error O(d) unless mn 2> klog(1/5)/e* (note that the
m?2-term is never active), which completes the lower bound proof.

C.4.2 Lower bounds for Py

We don’t provide the details because they are entirely analogous to Section C.4.1 and rely on
classical constructions that can be found in [77].

C.4.3 Lower bounds for Pg

Given a vector n € {£1}N define the measure

o0

p,— @ { M= 1) 1< < el
K N(0,1) otherwise.

Let m1, 72, ... be iid uniform signs in {£1}, and ~, be the mean vector of P,. Writing | - |5
for the Sobolev-norm of smoothness s and || - || for the Euclidean norm, we see that for any n

02671/5

oo
. . 25+1 2s+1 _ 2s+1
Il = ZJ%VEU = E e <de s (20 V)TT <t
Jj=1 j=1

o0
lmll* = Z%sz = C%EQSSHCQE_I/S = A€’
j=1
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Then for any Cg > 0 we can choose ¢y, ¢; independently of € such that Py, P, € Pg(s, Cg)
almost surely and ||v,|| = 10e. Then for € < 1/10 we know that

TV(Py, P,) = 20 (@) —1>e

Lower bounds for GoF and TS
Take Py = P§?" and P, = P$" @ Py™. Then

2s+1 2
—1/5(61‘E 2s _O> - 2
— X ne .
2

KL(Pole) = TLKL(P()HP]l) — NCo€

Using Lemma C.4.1 this gives us

|

1 —TV(Py, P,) 2 exp(—KL(Py||P1)) = exp(—O(ne?)) = Q(0).

By (C.4.1) we know then that n > log(1/§)/€* is necessary for both GoF and TS over Pg.
To get the second term in the minimax sample complexity consider the construction
Py = P*" and P, = PY" @ P§™ where 7 is a uniformly random vector of signs. Writing

2s+1
w = cie 25 note that

CQE_l/S

1 1
= ® (VD gV e ).

J=1

From here we can compute

KL(P||EP)) < e /*KL <N(o, 1)en

%N(w, )" + %N(—w, 1)®”)

= ¢ /s (gw2 — Exn0,1,) log cosh (w Z XZ>>

=1

671/524 9 4s+1
nNw Xne s

< Y
- 4

where we used the inequality log cosh(z) > % — 91”—3 for all x € R. Thus, using Lemma C.4.1,

2 4s+1

1 — TV(B|EP)) = exp(—KL(P|[EPy)) > exp(—O(n2e = )) = Q(5).

2541/2

By (C.4.1) we know then that n 2 y/log(1/d0)/e~ s  is necessary for both GoF and TS over
Pe.

Lower bounds for LFHT

If m > n, from the GoF lower bound n 2 ng.r we conclude that mn 2

2 né., as desired.
Therefore, throughout this section we assume that m < n.
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Let Py = PY" @ P§" @ Py and Py = P2" @ PG @ PF™, where 7 is a uniformly random
vector of signs. Once again, we define w = cle%. We follow a proof similar to the cases

Pbb, Py in [77]. We use the data processing inequality, the chain rule and tensorization of x?:
(EP|EP) = x*(EP " ™|EPS™ @ PG™)

o exp (=3 S0 {(z = me)? + (5 — w)?})
e %Xaﬁm (2m)" /2 exp(—5 37, )

Jj=1%j

626—1/3

dz —1,

where X7 ~ (3N (w,1/n)+ 3N (—w,1/n)) and n;,7;| X, are iid scalar signs from the posterior
p(+|X1), with joint distribution p(n1, X1) = é(v/n(X1 — mw))/2.
The Gaussian integral above can be evaluated exactly and we obtain

1/s

X (ER|[EPy) = (Ex, g exp(wmmn)) ™ — 1.

Now, we can calculate

p(Xq|m = 1)2 + p(Xy|m = —1)?
(Xl = 1) + p(Xa|p = —1))2
L [ (p(xim = 1) — p(xi|m = —1))?
/ p(x1|m = 1) + p(z1fm = —1) dn
+— Y W (bw, 1/n) [N (—bw, 1/n))
be{+1}
1 exp(4w?n) —1
i 8 '

Il
T

P(m =m)

Together with P(n; = n}) < 1, we have

R (b B B I NP,
Exomm exp@mini) < e 4 | 54 S A ——— | (5 — e
= cosh(w®m) + tsinh(w?m),
with t = 1 A ((e*’" — 1)/4). Distinguish into two scenarios:

e if t = 1, then 4w?n > 1, and the above expression is e<’™ < ¢4'nm.

e if ¢ <1, then w?n < 1/2 and t < 8w?n. Since m < n, and cosh(z) < 1422, sinh(x) < 2z
for all x € [0, 1], the above expression is at most

1+ (w?m)? + 2tw?m < exp(17w*mn).

Combining the above scenarios, we have

YA(EP||EP)) < exp(17w'nm - cpe /%) — 1.
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Thus, we obtain

1

1—TV(ER),EP) = > exp(—17w*nm - cae /%) = Q(5).

This gives the desired lower bound

C.4.4 Lower bounds for Pp

Clearly all lower bounds that apply to Ppy, also apply to Pp; in particular this gives the sample
complexity lower bound for GoF. In addition, lower bounds on the minimax high-probability
sample complexity of TS were derived in [62]. Hence, inspecting the claimed minimax rates,
we only need to consider the problem LFHT in the cases m < n < kand n <m < k. We
give two separate constructions for the two cases, both inspired by classical constructions
in the literature. As opposed to the i.i.d. sampling models, we will use the Poissonized
models and rely on the formalism of pseudo-distributions as described in [62]. Specifically,
suppose we can construct a random vector (p,q) € [0, 1]? such that 1) Ep = Eq¢ = ©(1/k) and
[E[p — ¢]| = ©(¢/k); and 2) the following x? upper bounds hold for the Poisson mixture:

Y2 (E[Poi(np) ® Poi(ng) ® Poi(mp)]||E[Poi(np) @ Poi(ng) ® Poi(mq)]) < B(n,m, ¢, k),
X*(E[Poi(ng) & Poi(np) @ Poi(mp)]||E[Poi(np) ® Poi(ng) @ Poi(mp)]) < B(n,m, ¢, k);
(C.4.4)
then (n,m) € Rie(e, d, Pp) requires kB(n,m, €, k) 2 log(1/d) (essentially via Lemma C.4.1).

Case m < n<k

Suppose that m < n < k/2, and let p, g be two random variables defined as

(£,2)  with probability %,
(p,q) = 4 (£,2%) with probability 1(1 — 2),
(£,0)  with probability %(1 — ).

Note that E[p] = E[¢] = ©(1/k) and |E[p — ¢]| = ©(¢/k). Let X,Y € R® be random, whose
distribution is given by

X|(p, q) ~ Poi(np) ® Poi(ng) ® Poi(mp),
Y|(p,q) ~ Poi(np) ® Poi(ng) ® Poi(mg).

Now, for any (a,b, c) € N* we have

P(X = (a,b,¢)) = — (%e—z—% (E) + %(1 - %)e—<3n+m>e/k <%> (%Tn)b <%>

alblel n

30 (3 1 (5))
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Similarly, for Y we get

]_ m c 1 2 b 2 c
P(Y = (a, b7 c)) = 267277 T + _(1 _ ﬁ) (3n+2m)e/k en eEn em
alblc! \ k n 92 L m s -
1 a

In particular, we have

P(Y = (a,b,¢)) = Q (a!;!d) { }l e if (a,b, ¢) = (0,0,0),

otherwise.
Notice also that
P(X = (a,b,¢)) = P(Y = (a,b,¢c))

1 1 atb+c
—(1- %)6_"E/i <k> n+me

~ alblel 2
—6(1)
% [Qbe—(2n+m)6/k (1 . 2ce—me/l~c) + ﬂb:D (e_me/k _ ]lc:())]
:TIrbc
@(1) €\ atbte a+b, c
= bl (E) WM e,
where
et h=c =0,
2°me : _
el S 9.7 o= 1Le=0, (C.4.5)

o ifb=0,c=1,

obte  otherwise.

We now turn to bounding the x2-divergence between X and Y. Using the estimates (C.4.5),
we obtain

9 P(X = (a,b,c)) — P(Y = (a,b,c)))?
) = Y (P( <P(Y)):<a’<bjc))( )

(a,b,c)EN3

2a+2b+-2c b
SJ ]g() + ( Z Z ) alble! (é) . (m)TfCLJrQ ,rn2clb2C

b=c=0,a>1 a>0,b+c>1 k \n

1 E2a 2a—1 1 2a 2a 1 2b+2c¢,,2b+c—1,.,,¢c
=72 11+ E 4 Z € € n m° o
00 al k21 al k2 ble! L2b+2c—1 be
b+c>1

a>1 a>0
<N *m?et ] ne a2 212 1 621”207121’“*17%]2
~k + kC te blel f2b+2e-1 be:
~ =0(1) b+c>1
—o(1)
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Focusing on the sum and decomposingitas ), ., = 26:07,)21 + Zb:07c:1 + bpesa t leczl
we have the estimates

1 62b+20n2b+67 1 me

_ Ve
ble! 2b+2c—1 be
b+c>1
< 1 62b-i-2n2b—14an2 N €4mn2 1 620,,Lc—17nc40 N 1 62b—i—2chb+c—17nc4b-§—c
~ B! L2b+1 k3 2: e k2c—1 blel Je2b+2c—1
c=0,b>1 b=0,c>2 b,e>1
e*m?n e*mn? e*m?n e*mn? e*mn?
S + + + <
~ k3 k3 k3 k3~ k3
As m < k, we obtain
4 2
emn
2
CXY) S

By (C.4.4) we conclude that in the regime m < n < k, (n,m) € Rir(e, d, Pp) requires
n*m 2 k?log(1/8)/e*, as desired.
Casen <m < k

This case is entirely analogous to the previous case with minor modifications. Suppose that
n <m < k/2, and let p,q be two random variables defined as

(%, %) with probability %,
(p.q) = (%, %) with probability %(1 — %),
(£,0)  with probability (1 — 2).

Let X,Y € R? be random, whose distribution is given by

X|(p,q) ~ Poi(np) ® Poi(ng) ® Poi(mp),
Y|(p, q) ~ Poi(ng) ® Poi(np) @ Poi(mp).

Now, for any (a, b, c) € N* we have

POX = (0.0 = i (e 871 (2) 4 o Mot () (2 ()’

alble! \ k m k k k k

b Mo ()", (),

Similarly, for Y we get

o0 e = (e (2 o= e (B () ()

In particular, we have

P(Y:(a’byc))29< 1 ){1 if (a,b,¢) = (0,0,0),

+b .
alblc! n (%)a otherwise.
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Notice that

P(X = (a,b,c)) —P(Y = (a,b,¢))

1 1

= —(1—-—

alblc! 2

k

_ (1) <€)a+b+c

alblc!

where

k

m )6_(n+m)e/k <E> a+b+c natbme (e—2ne/k(2b o

na+b c

m

|Jab|

k

abs

0 ifat+b=0,

SqF ifa+b=1,

20t if g+ b > 2.

We now turn to bounding the y?-divergence between X and Y. We have

XY= Y

(a,b,c)EN3

)

a+b+c>1

)

a+b+c>1

o 62m2/k2
- L,_/ Z

2
2

o)

(P(X = (a,b,¢)) — P(Y = (a,b,¢)))’
P(Y = (a,b,c))

1 €)20+20+2¢c o941 0p  9c 12
2212 (E) n m=Jy,
1 m (n)\otdb
alble! k ( )

m
2a+2b+2c,,a+b,.,2cta+b—1 72
1 e n’m J5

alblcl k2a+2b+2c—1
2a+2b,,a+b,,,a+b—1 72
1 e n’m Jo

alb!

k2a+2b71 ’
a+b>1

(C.4.6)

where the last step follows from J,;, = 0 if a = b = 0. Now writing ¢t = a+ b and distinguishing
into cases t = 1 and t > 2, by (C.4.6) we have

X(XY)

etn?

<

t>2

2 2

ot Zptmt—14t  eipd e4nm<e4nm
m L2t—1 ~ L3 + 3~ k3

)

where the last line uses that n < m. Once again, we can conclude by (C.4.4) that n?m >
log(1/6)k?/e* is a lower bound for the sample complexity of LFHT.
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Appendix D

Appendix of “Density Estimation Using
the Perceptron”
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D.1 Auxiliary Technical Results

In this section we list some technical lemmas that are used in our later proofs.
Theorem D.1.1 (Plancherel theorem). Let f,g € L*(R?). Then

_ 1 -
der = —— g(w)dw.
[ Pl = o |
Lemma D.1.2. Suppose t,x,y > 0. Then there exist finite t-dependent constants Cy,Cy
such that

r < ylog(3+1/y) = - <Cry = <0y ylog(3 +1/y)".

x
log(3+1/x)
Proof. Let us focus on the first implication. If x < y, then it clearly holds. If y < x <
ylog(3 + 1/y)" then it suffices to show

x ylog(3+1/y)’ ;
— = < < Cyy.
<1og(3 +1/x)! _> log(3 + 1/(ylog(3 + 1/y)N)" — "
The inequality marked by ! is equivalent to
3+ 1/y < (3+1/(ylog(3+1/)") Y,

Now, if y > 1/2 then clearly taking C; = logs(5)" works. Suppose that instead y € (0,1/2).
Then, since log grows slower than any polynomial, there exists a t-dependent constant ¢; < oo
such that log(3 + 1/y) < ¢y~ for all y € (0,1/2). Therefore, we have

3 >34
* ylog(3+1/y)t — - ciyt/?

34+-< (34 —0
+y—( +C§y1/2>

It is then clear that

holds for all y € (0,1/2) if we take Cy large enough in terms of ¢. The second implication
follows analogously and we omit its proof. n

Lemma D.1.3. Let i be a probability distribution on R and ~v € (0,2). Then
(cos{w, X) — 1) + sin*(w, X) 16742 M., (1)
EXNM P dw S .
R o] [(d/2)7(2 =)

Proof. We use the inequalities (cost — 1)% +sin*(¢) < 4(#> A1) valid for all ¢ € R. Plugging in
and using the Cauchy-Schwarz inequality, the quantity on the left hand side can be bounded

as
1 2 X 2 o] 1 2 X 2
3 ASPIXI) g < gvol, (st / ACPIXTR)
Rd 0

”de—i—’y rlt+y

Qrd/? Ix1=t 4 o0 1
- _E ||X||2/ 1dr+/ —dr
() 0 e g 7




where voly_1(S%71) = 21”2 i3 the surface area of the unit (d — 1)-sphere. O

r(4)

Lemma D.1.4. For vy € (0,2) define

SUPg<q<c fac de‘ Zf’)/ = 1a
By = { supgcac. fac %dw‘ if v € (0, 1),
SupO<a<c fac (:lj)(bl(-f'y)ﬁ dw‘ 'Lf'}/ € (172)

Then B., < oo.

oo | min{l,w

Proof. In the v > 1 case, one immediately has B, < f ‘TQ/QQ‘ dw < oo0. Now let us
consider v < 1. One has that B, = supg., ., |1y(c2) — I,(c1)| < sup.q 2|/, (c)| where

a sin(w) . o
I‘Y<a> = 1(1 CC(A)JS wdw lf = 1’
1 w<1+7 /2 dw if v € (0,1),

Clearly a — I,(a) is continuous on (0, c0) for each v € (0,2). Moreover,
|1,(a)] < la— 1] - max{a”OFD/2 1},

Therefore, we only need to show that lim,_, |/,(a)| and lim,_,o |I,(a)| are both finite. Let
gy(z) = z70/2 and £ () = sin(z) if v = 1 and cos(z) otherwise, so that we may write

a) = [ f,(w)gy(w)dw

1. For a — 00, since g,(00) = 0 and | [ f,(z)dt| < 2is uniformly bounded, [ f(w)g(w)dw
converges to a finite value by Dirichlet’s test for improper integrals [145 page 391].1

2. For a — 0, the conclusion follows by the inequality |sin(w)| < min{|w|, 1} in the case
¥ = ]_, and by |]7(CL)| S fal w7(1+7)/2dw S fol w7(1+’7)/2dw = % for v < 1.

Therefore, sup,- |Z,(a)| < oo which concludes the proof.
[

Lemma D.1.5. Let [7-dw =: lim f1/ezwze ~dw and recall the definition of 1., from
(5.2.6). Then, for x # 0 the following hold:

OOO sin(we) =Edw 4§ fory =1,

1%@) = C"/f’v OOO C(Ols+o':;t/2 dw fOT /7 E (07 1)7

OOO Cofﬁﬁf§/21 dw  forv € (1,2),

where »
( zo) 3%) ify#1,
1 if v =1

'Reference pointed out by user Siminore on math.stackexchange.com.
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Proof. For x # 0 clearly

/ sm(wx)dw = sign(z) / Sln(w)dw = sign(x)g,
0 0

w w

which shows the first claim. Assume from here on without loss of generality that = > 0. For
v € (0,1), by the residue theorem,

®oos(wr) iy [T e
/0 oW =@ R S ) dv

—Zz

— 0" D/2p (ie—i%v) /Oo e—dz
0

2(14v)/2

_ 0172 o (%) r((1-)/2).

Similarly, for v € (1,2), integration by parts and the residue theorem gives

[ = [ o)~ 04 ()

Y o0 sin(w)
! / - Dj2wo-0E

:_xw—l)mi/mim G
A MC=VE

2 x * e
— (D22 s (o —5(—1)/2 -
T o im (ze 2 ) /0 Z(v—l)/2dz

RSN (@) (- (7 - 1)/2)

_ 0172 o (%) r((1—4)/2).

O
Lemma D.1.6. Let ¢ be the probability density function of N'(0,014) and write QAﬁfOT its
Fourier transform. Then, for any > 1,

- o 72 26 +d 5rd2 (o84 d\
[p(w)llwl|”[l3 = il < ST
[(d/2)o 2 T(d/2)o 2

~ o2
Proof. 1t is well known that ¢(w) = e~ 7I«I* The claimed equality then follows from the
formula for the 23’th moment of the Gaussian distribution with mean 0 and variance 1/(20?).
The inequality follows by Lemma D.1.7.

[
Lemma D.1.7 (Properties of the gamma function). For all x > 1 the inequality I'(x) <
5(x/e)*~ Y2 holds.
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Proof. In [148] authors showed that log I'(z) < (z — 3)log(z) — z + 1 log(2m) + 1 for all z > 1,
from which the second claim follows as exp(3 log(2m) + 1/2) < 5. O

Lemma D.1.8. Let b > 1 and |a] < b. Then

/ 2| sin(z)|Pdr = O(r**?)
0

as r — oo, where we hide constants depending on a,b.

Proof. Since we are only interested in the asymptotic behaviour as r — oo, assume without
loss of generality that » > 1. Then, we have

T 1 T
/ x“|sin(x)\bdx:/ :z:a]sin(x)]bda:—i-/ 2| sin(z)[’dz .

0 0 1
7 Vv

11

Using the inequality |sin(z)| < x, we can bound the first term as

1
1
I S/ Ay = ———— <1 =0(r*™),
0 a+b+1

since a + b > 0. For the second term, we obtain

rotl_1 .
" f -1
I] S / l‘ad'f — a+1 I a 7é _ O(Ta+b),
1 log(r) ifa=-1

where the last step uses a +b >0 and b > 1.

0
Lemma D.1.9. Let a,b,c € R with b > 0 be constants. For all large enough r one has
/ > . bx P
x'exp | ———— | dr < 717"
. P log?(z + 2)
Proof. Assume, without loss of generality, that ¢ > 0. For all large enough x one has
bx < —a—c—2
exp | ——5—— x .
P log?(z + 2)
Therefore, for large enough 7,
OO a bz e —c—2 —c—1 —c
rvexp ( ———— |do < x de <r <r -
r IOg (:L‘ + 2) T
O

Lemma D.1.10. Let J, be the Bessel function of the first kind of order v.
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1. For all z € R?,
[ e do) = m a4 e,

2. Foranyv € R, as v — o0

Jy () = \/%COS (a: — % - %) + O(z73/?). (D.1.1)

' o d/2
/ em%mzc_).mmwy
o fal

Proof. For Ttem 1 set r = ||z|| and s = (27)~! in the calculation on page 154 of [186].
For Item 2 see [203, Eq. (1) in Section 7.21].
For Item 3, we can compute

1
/ HTw) Qo = / eillzllwe / dws, . . . dwgdw,
<1 -1 wittwsi-ug

A 2\ (d—1)/2
= N / etlelwr (1 — p2)[@d=D/2qqp, (D.1.2)
D) -1
Recall from [203, Section 3.1] the definition of the Bessel function of the first kind as

(/2 [~ e
T o ) cost s s 0)a0

3. For all x € RY,

J(z) =

valid for v > —1/2; the above is also known as the Poisson representation. Changing variables
to u = cos(f), we see that it is equal to

2)” b
Jo(z) = %/ e (1 — )12 du. (D.1.3)
T+ D /o
Comparing (D.1.3) with (D.1.2) concludes the proof. O

Lemma D.1.11. There exists a radial function hy € L*(RY) such that
supp(ho) € B(0,1),

7 cffw] ) a
h <C —— s Ilw e R,
|ho(w)| < Cexp ( log([[w] + 2)2 Jor all w

|ho(w)] > for all [|w|| < rmin,

N | —

where C, ¢, rmim > 0.

Proof. Apply Theorem 1.4 in [47] using the spherically symmetric weight function u : R —
R<o defined by
[w]] (]l = 2)+\*
u(w) = u([jw]]) = =),

log(lw]| +2)2 \ Jwll +2
where (a); := max(a,0) for a € R. O
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D.2 Proof of Proposition 5.2.5

For v € S* ! and b € R let 6,(z) = (v, z) and write 1, = 0,#(u — v) for the pushforward of
the measure y — v through the map 6,. To start with, we notice that

/Sd—l /R [E¢7(<X’ v) —b) — By, ((Y,v) = b) deda(v)

- / / ( / b (a — b)dm<x>)2dbda<v>,

For each v € S?7!, the measure 7, has at most countably many atoms, therefore b — 1, ({b}) =
0 Leb-almost everywhere. Then, by Tonelli’s theorem we can conclude that n,({b}) = 0
for o ® Leb-almost every (v,b), thus going forward we can focus on the case x # b. By
Lemma D.1.5, and writing A, = [¢, 1/¢] for € > 0, we have

(D.2.1)

( sin(w(x — b)) iy = 1 )
w
B B . cos(w(z — b)) .
A¢7(x b)dn,(x) = C%/ng%/& — E if v € (0,1) p dwdn,(z).
cos(w(x —b)) —1 .
(" @2 ifye(1,2))

Note that in the v =1 case we implicitly used that [ dn,(z) = 0. To exchange the integral
over z and the limit over e, notice that for any ¢ > 0 and x # b € R,

1/e o o
. w
¢ cos(w(z — b)) _ ,
/e — Gz W < Byl — b0 if v € (0,1),

< B,|lx —b|0 Y2 if v € (1,2).

/61/6 cos(w(x — b)) — 1dw

wd+7)/2

where B, < oo depends only on 7 and is defined in Lemma D.1.4. We now show that
Jx |z = b]07D2d|n, |(z) < oo for 0 ® Leb-almost every b,v. To this end, let S = {(b,v) €
Rx S [0 |z —b/0~Y/2d|n,|(z) = oo} and assume for contradiction (o @ Leb)(S) > 0.
Then 1(_p pjxsi-1)ns T 1s as B — oo, and thus by the monotone convergence theorem there
exists a finite B such that Leb(([—B, B] x S1)N S) > 0. However, by Tonelli’s theorem we
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have

B
/ (/ 2= B 2d g | () )db< / =il @
—B R
B+|z|
<9 / / b= dbd |, |(x)
RJO

< / (B + 2] dn,| ()

< BY +Exy [[(v, X)["] 4 Eyy [[ (0, V)]
< B"+ M,(u+v),

which, after integration over v € S%~!, leads to a contradiction if M, (u+v) < co. Continuing
under the assumption M, (p 4 v) < oo, we can apply the dominated convergence theorem to
obtain

( sin(w(x — b)) _ )

ify=1
w

—b
/% (z — b)dn,(z) = Cy, 11m// % if v € (0,1) p dwdny(z).

e—0
cos(w(x — b)) —
\ w(l+v)/2

if v € (1,2)

/

Then by Fubini’s theorem, we exchange the order of integration to get

( sin(w(z — b)) iy = 1 \
w
cos(w(x — b)) .
/% x — b)dn,(z wa 11_1)%/ / IR =y if v € (0,1) dn, (z)dw.
cos(w(x —b)) —1 .
\ =Y if v e (1,2))

Notice that [ e™“*dn,(z) = 7u(w), ls(w) = Tu(~w) and 7,(0) =0,

1 im(e” ", (w)) ify=1
U = D)) = Cy, i [~ “
/R A(x = b)dn, () = Cy, lim 1 w2 {%( —whh (@) ify #£ 1

- im (xff W(b)) ity =1
SO w (\Tf;,ew)) iy # 1.

where we write

771)( )
U e(w) = ) /211{ we A}

Notice that ¥, , . is bounded and compactly supported and thus lies in LP(R) for any p, and
so in particular

... LYR)NL*R),
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which ensures that R
V.., € L®R)NL*R).

Finally, let us write

My (w)
U, (w) =limV, , (w) = 1+7)/2]1{w >0}

e—0 w(

for every w. We now show that ¥, € L?(R) provided M, (u + v) < oo, which is assumed
throughout. Let (X,Y) ~ p® v. We have

> [ (w) 2
/R|\Ifw(w)\2dw:/0 = dw

/°° (E[cos{w, X) — cos{w, Y)])? + (E[sin{w, X) — sin{w, Y)])?

wl+’y

dw.

Using the inequality (a —b)* < 2(a —1)*+ (b—1)?, Va,b € R for the cos term, the inequality
(a+b) < 2a* + 2b%, Va,b € R for the sin term, and applying Jensen’s inequality to take
the expectation outside, we can conclude that V., € L*(R) by Lemma D.1.3. Thus, by the
dominated convergence theorem

150 = Toll, =0

as € — 0. Then, by Parseval’s identity

H\I’%v,e - \Ij%v

— 0 (D.2.2)
2

as € — 0. It is well know that convergence in L?(R) implies that there exists a subsequence
{€n}22, with €, — 0 and \IJW6 — \Ifw almost everywhere.? Therefore, by passing to this
subsequence, it follows that

im (T,0(0)) ify =1

[t = tno) =, RG] it #1

for ¢ ® Leb-almost every (b,v) € R x S471. Note that since n,(w) € R,

~

5 (\T’w(b)) _ Y, (b); 70(0)

_ 1 nv( ) ibw ﬁv(—(«(}) —ibw

) /0 (w(1+7)/26 Tampt )
1 [°n, i -

_ _/ n (w) Slgn(w) ezbwdw

*E‘)

=3 o] H72
B 1y (w) sign(w)

2We could also conclude this by Carleson’s theorem.
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~

im (1)) = L0 = F2ulV)

S

21 L -
o [ (Fe- I
= 2% h &L:))/Z sign(w)e™ dw
[ D2

Plugging (D.2.3) and (D.2.4) into (D.2.1), by Parseval’s identity (implicitly using that
0., € L*(R)), we obtain

/S/R [Ev (X, 0) = b) — Eu (¥, 0) — b)} dbdo(v)

Ldl/(/¢wx_bdnv )) dbdo(v),

:2#031 / () dwdo (v)
gd—1

4Iw|1+

°°!m
=nC
i [ \w\m o)

17l = 11w
dw
-, [

where the last step uses a polar change of variable. The result follows after comparing with
Proposition 5.2.3.

D.3 Proof of Proposition 5.2.6

Let S(RY) be the Schwartz space and S’'(R?) be the space of all tempered distributions on R?.
Let 7 = p— v and s = (d + ) /2. First, note that

/(Ks(x)dx .

1+ [|[)?

so by [138, Theorem 0.10] we have K, € S'(R%). By [138, Theorem 0.12], since K, € S§'(R?)
and 7 has compact support,

P

Lf=K,+«1=K7.
By Plancherel’s identity,
1

VE/(d)

d 7= T~
2m)2 L7z = [ Lerll2 = ([ KT][2 = &, v),

where the last equality follows from Proposition 5.2.3.
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D.4 Proof of Theorem 5.3.3 and Proposition 5.3.4

In this section we prove both Proposition 5.3.3 and Proposition 5.3.4. To do so, we give two
constructions. The first one, presented in Appendix D.4.1, only applies in one dimension
and gives optimal results. The second construction is given in Appendix D.4.2 applies in all
dimensions, but loses a polylogarithmic factor.

Notation: Abusing notation, in what follows we write &,(f, g) and dy(f, g) even when
J and g are not necessarily probability measures or probability densities. We will also
write ||f]le2 = ||| - |I"f|l2 for potentially negative exponents ¢ € R. Note that &,(f,0) =

VI f|_agz

D.4.1 The Cased =1

The Lemma below constructs the difference of two densities that has favorable properties.

Lemma D.4.1. Let f(z) = 1{|z| < 7}sin(rx) with r € Z and write fs = f*---x f for f
convolved with itself 8 — 1 times, i.e. fi = f, fo = f* f and so on. Fiz an integer § > 1 and
let |t| < 5. We have

— 1
||f6||t,2 = Tt, ||fﬁ||1 = 1, and dH(fg,O) = -, (D41)
T

as v — oo where the constants may depend on (3,t.

Proof. The intuition for the estimates (D.4.1) is simple: most of the energy of f (and hence
fs) is at frequencies around |w| ~ r and thus differentiating ¢ times boosts the Ly-energy by
rt. A simple computation shows f(w) = c(fil)T 3

have [| fI| < [[fall =< 1.
Estimating | fs|;2. By definition we have

sin(wm). Note that because r € Z we

T’Qﬂ

o0 o
IFolle = [ 1FePt o= [ i o

We decompose the integral into three regimes:

1. w < 7r/2: here (w? —r?) < r? and thus

r/2 r/2
/ (...)= 7“_25/ W SiHQﬁ(W’ﬂ') < g2
0 0

by Lemma D.1.8.

2. w > 3r/2: here (w? —r?) < w? and thus

o0 < gin??(wr)w?
/ ( ) ) — 7“26/ (45 ) — T26r2t—4ﬁ+1 — 7“1+2t_26 < 7“2t.
3r/2 3r/2 W
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3. w € [r/2,3r/2]: here (w?>—7r?) < yr, where y = w—r. Note also sin(wm) = sin(rr+yn) =
(—1)"sin(ym), and w < r. Thus

3r/2 r/2 r/2
/ (...)dw = / (...)dy =< 7"25/ sin®? (ym)r* (yr)* dy
r/2 —r/2

where the last inequality follows by that the integrand is bounded at 0 and has
Y28 < y2 tail.

Estimating || f5||;. Follows from || fs]|1 < ||fsll2 < 1 by the Cauchy-Schwartz inequality
and || fsll1 > | fsllsc < 1 by the Hausdorff-Young inequality.

Estimating dy. We get dy(fs,0) 2 &1(f5,0) < || f]-12 =< £ from the first estimate. For
the upper bound, note that sign(z) = 2 and dy(fs,0) = sup, 3 [ fs(z)sign(z — b)dz, so by
Plancherel’s identity,

ibw
—~

Taw)—

_ 00 B
dH(fﬁ? O) 5 Sl;p/ dw S /(; (w2i—7’2)5w1 Sinﬁ(wﬂ').

The fact that the above is O(1/r) follows analogously to the proof of our bound on || f||;2 so
we omit it. This concludes our proof.
[l

Proof of Proposition 5.3.3 and Proposition 5.5.4 for d =1. We now turn to showing tight-
ness in one dimension, utilizing the density difference constructed in Lemma D.4.1. Given
a value of the smoothness 3 > 0, set 3 = [#] + 1 and let fz be as in Lemma D.4.1 with
r = e Y8 for some € € (0,1). Let py be a smooth, compactly supported density with
infye—nx Po(x) > 0. Define

pe(z) =po(w) +ef5(Bx)/2  and  qe(x) = po(x) — ef5(Bx)/2.

Clearly both p, g. are compactly supported probability densities for sufficiently small €, since
| f5lloc < oo and is supported on [—f, f7]. By Lemma D.4.1, for each v € (0,2) the two
densities satisfy

] B p— B+1
B

||pe_QE||1 =€, ||pe||5,2 = ||QE||5,2 = 17 gv(meE) = ||pE_Q6||7(1+’y)/2,2 e 2 adH(mee) =€

This proves both Proposition 5.3.3 and Proposition 5.3.4 for d = 1. O

D.4.2 The Cased > 1

We move on to the case of general dimension. In Appendix D.4.2 we outline our approach.
Then, in Appendix D.4.2 we give full details of our construction, following the argument
outlined in the prior section.
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Overview

For the discussions below, we will assume that the ambient dimension d > 2. Our construction
here is less straightforward than for d = 1 in Appendix D.4.1 but shares the same basic
idea. Recall that the basic premise is that we want to saturate the Hoélder’s inequality
in Equation (5.3.3), which requires the density difference f = p— v to have Fourier transform
be (almost) supported on a sphere. For d = 1 we took f to be a pure sinusoid. However, of
course such f is not compactly supported and that is why we multiplied the sinusoid by a
rectangle (and then convolved many times to gain smoothness), which served as a mollifier.
For d > 1 let us attempt to follow the same strategy and take

(@) = g (2)h(z)

where r > 0 is a parameter, h is some compactly supported smooth mollifier and g, (z) is
defined implicitly via
Gr(w) = 1025 (|lw]| = ),

where here and below we denote, a bit informally, by §(]| - || —r) a distribution that integrates
any smooth compactly supported function ¢ as follows:

27Td/2 d—1
/ o] =)o =11 [ o(r)dote) = T —Euen 1],

where o is the unnormalized surface measure of S%~! and X is a random vector uniformly
distributed on S%!. Explicit computation shows

(o) = G0 = by [ (] -

NG
~ (2m) 1= Jape-r (7,

where J, denotes Bessel functions of the first kind of order v. Notice that g is spherically
symmetric and real-valued (some further properties of it are collected below in Lemma D.1.10).

Note that |g,(x)] = O(1) as r — oo for any fixed x # 0 (Lemma D.1.10), while at the
origin we have |g,(0)] = Q(r¢=1/2), which follows from the series expansion of the Bessel
function given in for example [203, Section 3.1-3.11]. This causes an issue for d > 1, as g,
is too large at the origin as r — oo compared to its tails, which makes it difficult to use it
as the difference between two probability densities. Hence, we choose our mollifier A to be
supported on an annulus instead of on a ball. In addition, it will also be convenient for it to
have a super-polynomially decaying Fourier transform, i.e.

h(w < H([|lw|]) £ Cex <—ﬂ> Yw € R,
ficw)] < H(lwl) & Coxp (~ T

The existence of the desired function A is proven Lemma D.4.2.
Note that all of the Fourier energy of g, lies at frequencies ||w| = r by construction.
However, after multiplying by h the energy spills over to adjacent frequencies as well and we
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need to estimate the amount of the spill. Due to the fast decay of h we will show, roughly,
the following estimates on the behavior of f,.:

[Fr(@)] SO0 1{J|w — 7| < log*(r)} + ™/ H (max(|w]| - r,log*r)), and
@) S 2|

as  — 00. Note that the first bound above is super-polynomially decaying in both ||w|| and
r, which allows us to show that

1£ellez < OC)

for t > —%2, recalling the notation || f[j¢2 = ||| - ||tﬂ|2 A direct calculation will also show

[fells = M frlloe = 1l < 1.
For a desired total-variation separation €, we will set 4 — v = €f, and choose 1 = e V8 to
ensure that €| f,||s2 = O(1). For the energy distance between p and v these choices yield

d+ d+28+
2 2

E (1 v) = Nlefevssll g2y = O(H57) = O(TV37),

as required.
We now proceed to rigorous details.

The construction

First, we must construct the mollifier A with the properties outlined in Appendix D.4.2.
Recall that a function f is radial (also known as spherically symmetric) if its value at x € R?
depends only on ||z||. In other words, f(z) = f(y) holds for all x,y € R? with ||z|| = ||y|.

Lemma D.4.2. There exists a compactly supported radial Schwartz function h, and a positive
sequence {r,}5°, satisfying r, = O(n), such that

supp(h) C B(0,1), (D.4.2)
supp(h) € R4\ B(0, ), (D.4.3)
> cljw]] a
< — A.
|h(w)| < Cexp ( Tog([[w] + 2)2) for allw € RY, and (D.4.4)
/ﬁ(rnu) =0 forallue S, (D.4.5)

for universal constants C,c,rq > 0.

Proof. First, let hy be as constructed in Lemma D.1.11, which already satisfies Equa-
tion (D.4.2) and Equation (D.4.4). To address the other two requirements, we modify
ho by convolving it with two additional terms:

h(z) == (Ao(-) * ho(8-) * po(-))(x),
where Ay and py aim to address Equation (D.4.3) and Equation (D.4.5), respectively, and are
defined as

1
Ao(e) = o0 (~ o= ) Lol € BI85/}, i) = 1l < 1/3)
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Before proceeding, note that clearly h is a radial Schwartz function. Let us now verify
that A indeed satisfies the four requirements. Note that Ay is an “annulus” supported
on B(0,5/8)\B(0,3/8), and both hy(8-) and py are supported on B(0,1/8). Therefore,
supp(h) C B(0,7/8)\B(0,1/8), which implies Equations (D.4.2) and (D.4.3). We now turn to
the other two conditions in Fourier space. Note that

h(w) = (1/8)% - Ag(w) - ho(w/8) - fo(w).

From Item 3 of Lemma D.1.10 we know that

Fl- < ) = (o)l

[[]]

Hence, by Item 2 of Lemma D.1.10, the function py(w) = (1/8)2F[1{]| - | < 1}](w/8) has

infinitely many zeros near the values of ||w|| = 8(2nrt + W) for sufficiently large n € Z™,

which implies Equation (D.4.5).
Finally, for Equation (D.4.4), note that since both Ay and py are Schwartz functions, so
are their Fourier transforms Ag and py so that

[P(w)] < (1/8)| AollollPolloo| o (w/8)] S ho(w/B)],
concluding the proof. O

Let h be as constructed in Lemma D.4.2, and define
fr=g9:h (D.4.6)

for 7 > 0 and g(w) = r*=D/2§(||w|| — r). Recall from the overview of our construction
that we gave in Appendix D.4.2 that f, is our proposed density difference which we claim
(approximately) saturates Holder’s inequality in (5.3.3). The next Lemma records the
properties of f, which will enable us to complete our proof.

Lemma D.4.3. Let f. be as in (D.4.6) and let {r,}>2, be the sequence constructed in
Lemma D.4.2. The following hold.

(i) For alln € N we have

fr (x)dx =0 and supp(f,,) € B(0,1).
Rd

(i1) We have
1= 17

N
||fT7L oo ||f7"n

hiding constants independent of n.

2 = ||f7'n

d+2

5o we have

(iii) For anyt > —

1frullez = O(r7, log" (1))

as n — 00, hiding constants independent of n.
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(iv) Recall the definition of 1., from (5.2.6). For any v € (0,2) we have

Uy (@, v) = b)fr, (2)dz| = O, log(r,) )

Rd

sup
veSd—1 peR

hiding constants independent of n.

Proof. Let us drop the dependence of ,, to simplify notation.
Showing (i). Note that [o, f,(z)dz = f,(0). Then, f,(0) = 0 follows from the con-

struction of h and g,. Indeed, g, is supported on rS? ! while /f;|rsd71 = 0. The fact that
supp(f-) € B(0,1) follows from supp(h) C B(0,1).

Showing (ii). Since f, has compact support, we immediately have

1Felle S M Fell2 S 1 frlloo-

As h is continuous and supported on the annulus {z : 79 < [|z|| < 1} by construction,
it suffices to bound g, on said annulus. Now, for any = with ry < ||z|| < 1, we have by
Lemma D.1.10 that

1

S
Vrllzl

gr(x) S V|~

which shows that || f|le S 1.

We now turn to lower bounding || f,||;. Recall that & is uniformly continuous and nontrivial,
hence [ |h(u*v)|do(v) # 0 for some radius u*, and thus for all u € (ug, u1) C (0,1) for some
constants wug, u;. Using that g, is spherically symmetric, we compute

11 = [ lo-(@)lIn(w)lda
Rd
= / ug,(u,0,...,0) /h(uv)da(v)du
0
e \/F/ ‘Jd/g_l(TU)‘ du 2 1,
uo
where the last line follows by (D.1.1) once again.

Showing (iii). Let 0 < s < r, whose precise value will be set later. For convenience, set
B, ={z € R%: ||z| < s} and B¢ = R?\ B,. Recall that by definition

Folw) = rti-0r2 / Bw + 2)8(z]) — r)dz
Rd

_ r<1d>/2/ (s (w + 2)5(|z] — r)de + r<1d>/2/ (W) (@ + 2)3(|]| — r)d.
Rd Rd

[ J/ [\ J/
-~ -~

1 11

(D.4.7)
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Let C,c be as in Lemma D.4.2, and H(x) = Cexp(—c|z|/log®(||z| + 2)). Note that
|h]|o < C. Therefore, the first term in the decomposition (D.4.7) can be bounded by

1| < Or(-9/2 /Rd IH{||w + || < s}o(||z| —r)de

= =PI ||w]| € [r— 5,7 + 5]} / Hllw + 2|l < s}o(llz - r)dz
Rd
< P26 1| € [r— s, + s}

The second line uses that if ||w|| & [ — s, 7 + s] then the integral becomes zero. The third
line uses the fact that the surface area of the intersection of B, with any sphere of any radius
(and the one centered at w with radius r in particular) is at most O(s?71).

Moving on to the second term, we have

12 =472 [ |0+ rldo(u)  r02H (max{ ] - r.s))

using that H : [0,00) — (0,C] is decreasing and that ]/l{(y)]ch(y)H < H(max{y, s}) for all
y € R%. Summarizing, we have the pointwise estimate

@] S 2 g lwl| € [ — s, + 8]} + P H(max{|wl| v s}) (DAS)

forall w € R4 and 0 < s < 7.
We now show that f, is Lipschitz continuous. Recall from the construction of h (Lemma D.4.2)
that hl, se-1 = 0. Then, we observe that for any w € R?

o~

|fr(w)| = rl=D/2

/ B(w + ru)do(u)

_ pd-1)/2

/{/f;(w + ru) — h(ru) Mo (u)

272 |w]
(5)

2
< =02y, (D.4.9)

~

= (D2

where we use that h is Schwartz by construction, and thus has finite Lipschitz constant
[llip-

With (D.4.8) and (D.4.9) in hand we can proceed to bounding the norm of f.. Let
s = Dlog(r)? for a large constant D independent of r, and assume that r is large enough so
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that s < r/2. Also set 8 > 0, whose precise value is specified later. We have
1502 = [ Tl )P

P29 4 2t+2 201 F (,1)]2
S [l [ el P

[wl>r=

(D.4.8)
< pd=1-0(2t+d)

ol og(re Y [ eIl € sl
wi|>r—

e[ el (] 5}
wi|>r—

o0

S/ rd7179(2t+d) + 7"2t 10g(7‘)2d71 + T,dfl / u2t+d71H2<maX{u —r, s})du

r—0

Note that in the derivation above we changed to polar coordinates freely, and that in the
second inequality we used the assumption ¢ > —d/2 — 1. Setting 6 to any positive value
greater than (d — 1 — 2t)/(2t + d) ensures that the first term in the final line is O(r?). As for
the integral term, we can bound it by

Lemma D.1.9

2r 0
< rleQ(s)/ w1y + le/ H?(u/2)du < poly(r) x H?(s) 4+ r?.
r 2r

—0

By taking D large enough (independently of 7) in the definition of s = D log?(r) we can make
also the first term poly(r) x H?(s) less than O(r?'), which concludes the proof of (ii7).

Showing (iv). The bounds that we develop below are analogous to those given in the
proof of (iii). Fix b € R and v € S9! and define

t= [ d(lw.a) ~b)f(a)as

Suppose first that v # 1. Then, using Lemmas D.1.4 and D.1.5, we know by dominated
convergence that

T:/Rhm/ vacos. vx>( ))—]l{”y>1} £ (2)dtdz

a4 €0 1+’Y)/

zt (v,z)y— fr( )

/ /e Cos(tb)ﬁ(tv)dt‘

H1+)/2

— Cy, lim

Similarly, for v = 1 we can compute

1/e win(__ n
f = Cy, lim / sin t?f’"(t”)dt.
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In either case, we have | 1| < [ | F (tv)] /t0+0/2q¢,

Let s = Dlog?(r) for large D independent of 7 as in the proof of (iii), and let § > 0 whose
precise value is specified later. Assuming that r is large enough so that s < r/2, for any
v € (0,2) we have

—0 -~ ~
T fe(t0)] = | fr(tv)]
Tl s /0 R T
D.4.9 r—9 0 | F
( < )r(d—l)/Z/ t(l—’y)/th_i_/ ’fr(tv)’dt
0 r

~ L, tAF/2

r%lfeﬂ

o 1
+ / a2 (r= D281 dt € [r — s, + 8]} + Y2 H(max{t — 7, s})) dt
r—0

(=]
N =
&x
IS8

2r [e'e]
<r G035t | (a2 log®(r )+H(s)r(d_1)/2/ dt H(t/z)dt

—o tH7)/2 o tAF7)/2

Lemma D.1.9 ,

rie 0T L @/2100d (1) 4 H(s) x poly(r) 4 0%, (D.4.10)

~Y

Set 6 to any value greater than (2d + v — 1)/(3 — «), which ensures that the first term in
(D.4.10) is O(r~@*7)/2). By taking D large enough in the definition of s = Dlog?(r), we can
make H(s) smaller than any polynomial in 7, which ensures that the third term in (D.4.10)
is also O(r~(@+71/2) We thus obtain the final bound |t | < r~(@/21og%(r), concluding our

proof. O]

Proof of Theorem 5.3.3 and Proposition 5.3.4 for d > 1. Using the functions {f. }5°, we
constructed in Lemma D.4.3, we are ready to prove Propositions 5.3.3 and 5.3.4 for d > 1.

Let po be a compactly supported probability density with infj,<; po(z) > 0. Fix the
smoothness 3 > 0. Given any desired total variation separation e € (0, 1), we can find ng € N
such that e /% < r,,,, where we hide an e-independent multiplicative constant. Define

pe:p0+6frn0/2 and Q€:p0_€frno/2-

Clearly p. and ¢. are compactly supported probability densities for all small enough e.
Moreover, by Lemma D.4.3 they satisfy

Ipe =gl <€ and  |pflg2 = qu||62 =1  and
2/3+d+'v
Ey(Pe,qe) S € log(1/e)"  and  du(peg) Se @ log(1/e)?
for all fixed v € (0,2). This concludes our proof. O]

D.5 Proof of Proposition 5.5.1

Proof. Note that dy = Tao. Let pe, g be the compactly supported densities constructed in
the proof of Proposition 5.3.3 in the general dimensional case. Then by construction

+
€= TV(peg) = pe—aclls and |pellsa+llaellsz S 1 and da(pog) Se 7 log(1/e)™
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Write p., and ¢, for the empirical measures of p. and ¢. respectively, based on n i.i.d.
observations each. By the triangle inequality we have

Edt (Pens Gen) < Edg(pens pe) + du(pe, 4c) + Edp (qe, Gen)
Lemma 5.4.3

< e log(1/e).

This completes the proof. O
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