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Abstract

We consider the problem of density-ratio estimation using Bregman Divergence with Deep
ReLU feedforward neural networks (BDD). We establish non-asymptotic error bounds for
BDD density-ratio estimators, which are minimax optimal up to a logarithmic factor when
the data distribution has finite support. As an application of our theoretical findings, we
propose an estimator for the KL-divergence that is asymptotically normal, leveraging our
convergence results for the deep density-ratio estimator and a data-splitting method. We
also extend our results to cases with unbounded support and unbounded density ratios.
Furthermore, we show that the BDD density-ratio estimator can mitigate the curse of di-
mensionality when data distributions are supported on an approximately low-dimensional
manifold. Our results are applied to investigate the convergence properties of the telescop-
ing density-ratio estimator proposed by Rhodes (2020). We provide sufficient conditions
under which it achieves a lower error bound than a single-ratio estimator. Moreover, we
conduct simulation studies to validate our main theoretical results and assess the perfor-
mance of the BDD density-ratio estimator.
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ZHENG, SHEN, LIN AND HUANG

1. Introduction

We consider the problem of density-ratio estimation using deep neural networks. Let Z,
and Z, € Z = [0, 1]¢ be two random vectors with probability density functions ¢* and p*,
respectively. It is assumed that ¢* and p* have the same support. Given independent and
identically distributed (i.i.d) samples S, = {Z,;}:%, from ¢* and S, = {Zm}?il from p*, a
basic problem in many statistical and machine learning tasks (Sugiyama et al., 2012a; Kato
and Teshima, 2021) is to estimate the density ratio

R(2) = ¢"(2)/p"(2), 2 € Z.

Density ratio plays a key role in a wide range of applications, including discriminative anal-
ysis (Silverman, 1978; Cox and Ferry, 1991), covariate shift adaptation (Sugiyama et al.,
2008; Tsuboi et al., 2009), two-sample testing (Qin, 1998; Sugiyama et al., 2011), energy-
based modelling (Gutmann and Hyvérinen, 2012; Ceylan and Gutmann, 2018), generative
learning (Goodfellow et al., 2014; Nowozin et al., 2016; Gao et al., 2022), and mutual infor-
mation estimation (Moustakides and Basioti, 2019; Rhodes et al., 2020), among others. In
this paper, we study the properties of density-ratio estimation with the Bregman Divergence
using Deep neural networks (BDD).

A naive density-ratio estimator of R* is the ratio of individual density estimators, that
is, G/p, where ¢ and p are the density estimators of ¢* and p*, respectively. However, such
an estimator can be highly unstable. Moreover, density estimation itself is a difficult prob-
lem, especially in the high-dimensional settings. For example, kernel density estimators
(Rosenblatt, 1956; Parzen, 1962) works well when d < 3, but deteriorate dramatically as
d increases. To avoid the estimation of individual densities, various methods have been
proposed to estimate the density ratio R* directly, including the density matching ap-
proach (Sugiyama et al., 2008; Tsuboi et al., 2009; Yamada and Sugiyama, 2009; Nguyen
et al., 2010; Yamada et al., 2010), the moment matching approach (Qin, 1998; Gretton
et al., 2009; Kanamori et al., 2012b), the density-ratio fitting approach (Kanamori et al.,
2009, 2012a), and the unified density-ratio matching approach under Bregman divergence
framework (Sugiyama et al., 2012b). Impressive empirical successes of using deep neural
networks in density-ratio estimation have been reported in some recent works (Moustakides
and Basioti, 2019; Rhodes et al., 2020).

Several studies have established error bounds for density ratio estimation in reproducing
kernel Hilbert space (Nguyen et al., 2010; Sugiyama et al., 2008; Kanamori et al., 2012a;
Yamada et al., 2013). However, there is a lack of systematic analysis of the properties of the
density-ratio estimation using deep neural networks. To the best of our knowledge, the only
work is Kato and Teshima (2021), which studied the convergence properties of deep density-
ratio estimation under a modified Bregman divergence criterion. This intriguing work makes
a well-specified model assumption, that is, the target density ratio function is assumed to
be bounded and belongs to a class of neural networks with bounded weights. Under such
an assumption, the theoretical analysis is less challenging as there is no need to analyze
the approximation error incurred by approximating a smooth function using deep neural
networks, i.e., the approximation error is zero. Nevertheless, such an assumption could be
unrealistic as the true density ratio may not conform to a neural network structure.

In this work, we establish error bounds for BDD density-ratio estimators. Compared
with the existing works, we do not make the well-specified model assumption and allow
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the target density ratio to be in a general class of smooth functions. We also relax the
boundedness assumption on the target density ratio. Such a boundedness assumption is
usually assumed in error analysis in nonparametric statistics. Moreover, we apply our results
to construct an estimator for statistical inference for the Kullback-Liebler divergence and
study the theoretical properties of the telescoping density-ratio estimator (Rhodes et al.,
2020). Our contributions are as follows:

1. We establish non-asymptotic error bounds for the density-ratio estimator using deep
ReLU feedforward neural networks under the Bregman divergence under a bounded
support assumption (BD, Bregman, 1967), and provide a neural network architecture
for the estimator to achieve minimax optimal rate up to a logarithmic factor.

2. We extend our results to the case of unbounded support and demonstrate that the pro-
posed deep BDD density-ratio estimator effectively mitigates the curse of dimension-
ality when the data lies on an approximately low-dimensional manifold. Furthermore,
we establish an extension of our result to unbounded density ratios.

3. We apply our results to two important problems: (a) we propose an asymptotically
normal distributed estimator of the Kullback-Leibler (KL) divergence and illustrate
the results through simulation studies; (b) we study the convergence properties of
the telescoping density-ratio estimator (Rhodes et al., 2020) with a mixing chain of
intermediate samples, and demonstrate the advantages over single-ratio estimators
under certain conditions.

4. We conduct simulation studies to numerically validate our main theoretical results,
evaluate the performance of our proposed KL estimator, and examine the impact of
certain tuning parameters on the proposed mixing telescoping density-ratio estimator
(mTRE). We also compare the mTRE to the convolution-based telescoping density-
ratio estimator (cTRE) from Rhodes (2020). The numerical comparisons highlight
the advantages of mTRE over cTRE.

The rest of the paper is organized as follows. We first describe the problem of density-
ratio estimation with Bregman divergence and deep ReLU feedforward neural networks
(BDD) in Section 2. We present error bounds for BDD density-ratio estimators in Section
3, where we discuss the optimality of the BDD density-ratio estimator and apply our results
to the problem of estimating the Kullback-Leibler (KL) divergence. In Section 4, we show
how the BDD density-ratio estimator can mitigate the curse of dimensionality under proper
assumptions and provide extended results to deal with unbounded target density ratio or
target density ratio with unbounded support. As an application, we apply our theory to
study the convergence properties of the telescoping density-ratio estimator. In Section 5,
we conduct numerical experiments to validate our main theoretical results and evaluate the
performance of the BDD density-ratio estimator. Section 6 contains a theoretical compari-
son to the density-ratio estimation results in a related work. Concluding remarks are given
in Section 7.

Notation. Let n = min{ny,n,} be the smaller sample size of the two samples S, =
{Zyi}is, and S, = {2, }?21. In addition, || - ||« denotes the sup-norm on some specific do-
main, and C, Cy are generic constants that may vary from place to place. For any measurable
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function f, we denote ||f|[max := max{[|fllp, |fllg} and [[flln,.n, = max{[|fllpn,: [ fllan,}:
where [[f|2 = Ey- f2(Z) and ||f1Z,,, = En, J2(Z) = (1/n4) Sy f*(Zns), h = p.q. In the
rest of the paper, I{-} denotes the indicator function.

2. Deep density-ratio estimation with Bregman divergence

In this section, we first present the density-ratio estimation problem using the Bregman
divergence (BD, Bregman, 1967; Sugiyama et al., 2012a,b) and then describe the structure
of the deep neural networks to be used in density-ratio estimation.
Let ¢ : R — R be a first-order continuously differentiable and strictly convex function.
Define
)

[a—

Ay(z,y) =(x) —P(y) — ' (y)(z —y), (

where 1)’ is the derivative of ). Then, the convexity of ¢ implies that Ay (z,y) > 0
and the equality holds if and only if = y. It follows that Ez.,«Ay(R*(Z),R(Z)) >
0 and the equality holds if and only if R = R* almost everywhere with respect to the
probability measure with density p*. Therefore, the target density-ratio R* = ¢*/p* can be
characterized as a minimizer:

R* € argmin E,«Ay(R*, R),

R nonnegative and measurable

where to simplify the notation without causing confusion, we have written Ep Ay (R*, R) =
Ezp-Ay(R*(Z),R(Z)). We will use similar notation below. By the definition of Ay (z,y),

Ep-Ay(R*, R) = Ep-[V/(R)R — $(R)] — Ep- [/ (R)R"] + Ep+ [h(R"))].
Since Ep[¢)/(R)R*] = Eg+[¢'(R)] by the definition of R*, we have
Ep Ay(R*, R) = Ep- [/ (R)R — $(R)] — Eg+ [/ (R)] + Ep- [ (R")]. (2)
Now since the last term on the right side in (2) Ep«[¢)(R*)] is independent of R, we have

R e argmin (Ey [0/ (R)R — w(R)] - Ep[¢/(R)]}. (3)

R nonnegative and measurable

Hence, for any measurable function R : Z — R, the BD score induced by v for estimating
the target density-ratio R* = ¢*/p* is

By(R) = Ep-[{/(R)R — (R)] = Eg-[{'(R)]. (4)

Then, R* is the minimizer of By (R) over all nonnegative measurable functions.

Because a density ratio is always nonnegative, a nonnegative constraint is needed when
defining the density ratio as a minimizer, as in (3). This makes the minimization problem
more difficult to solve. To avoid the non-negative constraint of the density ratio, we first
consider the log-density ratio D* := log R*. Then the nonnegativity constraint is no longer
needed and by (3), we have

D* € argmin By(exp(D)).

D measurable

4
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In practice, the estimation of R* can be based on an empirical version of By when
random samples from p* and ¢* are available. Suppose we have samples {qu}?:”l iid. as
q* and {Zp,j};ﬁl i.i.d. as p*. Then the BDD estimator of D* is given by

D € argmin gw(eD), (5)
DeFy
where F,, is a class of neural network functions and gw (eP) is an empirical version of By (e?)
defined in (4), which can be written as

Bule?) = == 3" La(D(Z) + - D La(D(Zy),
P j=1 7 =1

where
Li(t) = ¢'(e")e’ —(e') and La(t) = —¢'(e"). (6)

The density-ratio estimator is R= exp(ﬁ).

We take the function class F;, to be Fypyvu,s, a class of ReLU activated feedforward
neural networks (FNNs) fg : R — R with parameter 8, depth D, width W, size S, number
of neurons U. We require that || fg|lcc < M for some 0 < M < oco. There are D hidden
layers and (D + 1) layers in total. The width W is the maximum width of the hidden
layers; the number of neurons U is defined as the number of neurons of fyg; the size S is
the total number of parameters in the network. Note that D, W,U,S may depend on n,
but we suppress the dependence for notational simplicity. We write Farpw s as FrNN
for brevity.

We use ReLLU activation function as it is convenient to bound the pseudo dimension of
ReLU-activated networks. But our results are also valid for neural networks with piecewise
linear activation functions, as piecewise linear activation functions can be expressed as a
linear combination of ReLLU activation functions.

3. Main theoretical results

In this section, we study the error bounds for the deep logarithmic density-ratio estimator
for bounded density ratio with finite support. The bounds for the density-ratio estimator
follows directly based on the properties of the exponential function. We also show that deep
density-ratio estimator can mitigate the curse of dimensionality when data is supported on
an approximate low-dimensional manifold.

3.1 General error bounds

To state our assumptions and results, we need the definitions of p-smoothness, o-strong
convexity and pseudo dimension.

Definition 1 (u-smoothness) A function f : R — R is said to be p-smooth over a set
A C R if it is differentiable over A and its first-order derivative f' satisfies

|f'(z) = ()| < plz—yl, Y,y A, (7)

where 0 < p < 0o. The constant p is called the smoothness parameter.



ZHENG, SHEN, LIN AND HUANG

Definition 2 (o-strong convexity) A function f: R — R is called o-strongly convex if
the domain dom(f) of f is convex and for any x,y € dom(f) and X € [0,1], f satisfies

O+ (1= Ny) < Af(@) + (1= NS (y) = FM1 = V(e —)* (8)

where 0 < o < co. The constant o is called the strong convezity (SC) parameter.

Definition 3 (Pseudo dimension) For a function class F, its pseudo dimension Pdim(F),
is the largest integer B such that there exists (v1,x2,...,T5,y1,Y2,...,yB) € Z8 x RB

such that for any (r1,7o,...,75) € {0,1}B, there exists an f € F satisfying for any

i€ {1,2,...,B} : f(zi) > vi & i = 1 (Anthony and Bartlett, 1999; Bartlett et al.,

2019).

For any measurable function class F, by the definition of VC dimension, VCdim(F) <
Pdim(F). If F is the class of functions generated by ReLU FNNs, it follows from Theorem
14.1 of Anthony and Bartlett (1999) that Pdim(F) < VCdim(F). Hence, for the function
class F generated by ReLU FNNs, Pdim(F) = VCdim(F).

We make the following assumptions in this paper.

Assumption 4 The function 1 is p-smooth & o-strongly convez, that is, it satisfies (7)
and (8).

Table 1 includes some commonly-used v¢’s that satisfy Assumption 4.

Assumption 5 There exists a constant 0 < M < oo such that ||D*|| < M,||Dl|lcc < M
for every D € FpNN-

Assumption 5 assumes that the target density ratio is bounded. Such an assumption
is often made in nonparametric statistics for avoiding technical difficulties associated with
dealing with unbounded functions. We will partially relax this assumption below. The finite
M in Assumption 5 can be relaxed to M = O(loglogn) at a small price of an extra logarithm
term in the error bounds. The boundedness of a network can be achieved by clipping
operation. For example, let Th/(t) = —MI{t< — M} +tI{—M <t < M} + MI{t>M} be
the truncation function taking values in [—M, M], where M is the clipping level. Simple
algebra shows that we can write Ty (t) = o(t) — o(o(t) — M) — {o(—t) — o(o(—t) — M)},
where o(t) = max(0, ¢) is the ReLU activation function. Therefore, Th/(t) can be computed
by a ReLU network with depth 2 and width 4. Hence, through network concatenation,
we can ensure that the boundedness assumption is satisfied through clipping. When the
clipping level is not less than || D*||, the capacity of the clipped FNNs to approximating
D* is not impacted.
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Table 1: Commonly-used Loss Functions . LS: least squares; LR: logistic regression; LK: Kullback-
Liebler. C is the crude prefactor in Theorem 6 when M > 1.

Name P(c) Domain M o C
L5 (c—1)? R 2 2 CMeM
1 1 CMePMp(b+1)
LR clogc— (c+1)log(c+1) [a, ] o) B 9(0”%]12
LK cloge—c [a, b] é % %

Define the best in class approximation of D* in Fpnn as DN € argminpez o | D —
D*||max- Denote

f . \/Pdim(]:FNN) log n

n

9)

Theorem 6 Suppose Assumptions 4 and 5 are satisfied. When n > Pdim(Fpnn), with
probability at least 1 — exp(—7),

”ﬁ - D*Hmax <C <§n + ||DNN - D*”max + \/Z) 5

and

1D = DL, <20 (60 + 1D = Dl + /1),

for a constant

C = 2max

B072(C1+Ca) g o0 \/max{GC’o, 124(Cy + Co) M, 5(Cy + Ca)}

€0 €0

+ logo M + 1,

where C1 = 2e2Mp, Cy = My, ¢y = oe>M /2 and Co = peM /2. When o < p and M > 1,
C can be replaced by a simpler but crude bound CMe M /o, where C is some universal
positive constant.

Our analysis techniques for the proof of Theorem 6 can be applied to other problems.
In the proof, we develop a novel localization technique to handle two interactive empirical
processes w.r.t the two involved samples as in Theorem 6. Moreover, our analysis framework
is flexible to accommodate other neural network structures, such as sparse neural networks
in Schmidt-Hieber (2020) and Kato and Teshima (2021). We study extensions of Theorem
6 and Theorem 10 to accommodate sparse neural networks in Appendix D.

We have the following corollary for the expected error.

Corollary 7 Under the conditions of Theorem 6, there exists a constant C' depending only
on (u,o, M), such that

Es, 5,1|D — D*| 20k < C (€2 + || Dxn — D¥||2) »

max
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and

Es,,5,ID = D|[7, 1, < 2C (&2 + | Dxn = D" |21 -

NpsNqg —
Under Assumption 5, to derive a nonasymptotic error bound for the log-density ratio
estimator R, we note that

Es,8,|IR — R |fax < €Y B, 5,|D — D*|;

max — max-*

Thus an upper bound for D can induce an upper bound for R. Furthermore, under mild
conditions, there exist some positive constants ¢ and C such that

I3
max*

cEs, 5,|R — R*|%ax < Es,.s,|R — R*||3 < CEs, 5,||IR — R*

where [|f||3 = [ f*(z)dz. With this review, the upper bounds for EgpvqulA) — D*|2 .« in
Corollary 7 can provide general bounds for the Lo-type error associated with the density
ratio estimation. The Lo-type error bounds are broadly considered in theoretical analysis
across diverse fields, such as conformal prediction under covariate shift (Proposition 1 in
Lei and Candes (2021), Theorem 2 in Yang et al. (2024) and Theorem 3 in Ai and Ren
(2024)), two-sample conditional distribution test (Assumption 2 in Hu and Lei (2024)),
double reinforcement learning for efficient off-policy evaluation (Theorem 12 in Kallus and
Uehara (2020)).

Here we provide an example on conformal prediction under covariate shift to illustrate its
usefulness. It is known that density ratio estimation plays an important role in conformal
prediction under covariate shift (Tibshirani et al., 2019), where a source labeled dataset
S;/ = {(Zp.i, Ypi)}:2, from a distribution Pyy = Pz x Py|z and an unlabeled target dataset
Sq = {Zq,i}?:ql from the target distribution Qzy = Qz X Py |z are observed, Pz,Qz are
the marginal distributions of Z in the source and target distribution respectively, and Py
is the conditional distribution of Y given Z that is assumed the same across the source and
target distributions. Given a miscoverage rate 0 < o < 1, the goal of conformal prediction
under covariate shift is to construct a distribution-free prediction interval ¢ (-) € R based
on the observed datasets S;/ and Sy, such that for (Zo,Yp) ~ Qzy,

P{Yye C(Zy)} >1—a+o(1),

where o(1) means converging to zero as min{ng, n,} tends to co. Here o(1) is involved as it
is impossible to construct prediction intervals that are both nontrivial and distribution-free
with coverage at least (1 — )% when the ratio of the source and target covariate densities
is unknown and need to be be estimated; see Lemma 1 in Qiu et al. (2023) and Theorem
1 in Yang et al. (2024). In this context, a nontrivial interval should have a finite length.
To construct such a prediction interval, weighted conformal prediction methods based on
density ratio estimation have been proposed and further developed by Tibshirani et al.
(2019), Lei and Candes (2021), Ai and Ren (2024), etc. Under certain regularity conditions,
Proposition 1 with » = 2 in Lei and Candes (2021) tells that for a prediction interval
C (z) C R provided by weighted split conformal prediction with a density ratio estimator R
based on S, = {Z,;}.7, and S, the following relationship holds: For (Zy, Yy) ~ Qzy,

l—a-— enp:nq S P{}/O € O(ZO)} S l -« + +enp’nq7

NG
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where c is a positive constant, m is the size of the calibration set, e, », = Es, s, Hﬁ— R*|lp1
and || f|lp1 == Ep+|f(Z)|. Clearly,

N

enymg = Es, 5,/ — R|[p1 < Es, 5,[[R — R*|lmax < (Esp,quR - R*anax)

Hence, the bound on Egpvqu}A% — R*||2,, offers an assessment of the extent to which the
coverage of the constructed prediction interval deviates from the target coverage level of

1 — « in the average sense.

3.2 Exact non-asymptotic error bounds

In this subsection, we focus on target density ratio belonging to the Holder function class,
a commonly-used assumption for density functions (Devroye and Lugosi, 2001; Wasser-
man, 2006; Tsybakov, 2008; Kandasamy et al., 2015). We apply the results in Theorem 6
and Corollary 7 to analyze the theoretical properties of the BDD estimator under Holder
smoothness condition. In particular, we will prove that the BDD estimate achieves the
minimax optimal convergence rate for the class of Holder continuous density ratios. We
first give the definition of a Holder class.

Definition 8 (Hélder class) A Hilder class H?([0,1]%, M) with 8 = k +a where k € Nt
and a € (0,1] consists of function f :[0,1]% — R satisfying

0% f(x) — 0% f(y)]

max ||0% < M, max max <M
a1 <k 197l < llalli=k a7y |z —yll$ -
where ||all1 = Z?:l a; and 0% = 9192 --- 9% for o = (a1, 9, .. ., q) € NT,

By Corollary 7, it suffices to bound the stochastic error Pdim(Fpnn)logn/n and the
approximation error ||[Dxy — D*||%,.«- It follows from Theorem 6 in Bartlett et al. (2019)
that, for Fpnn = Fu,pwu,s, there exists a universal constant Co such that Pdim(Fpnn) <
C58Dlog S and the stochastic error can be well controlled then. As for the approximation
error || Dyn—D*|2,., we use Theorem 3.3 in Jiao et al. (2023a) to bound it. For convenience,

we include this result in the following lemma. We specify the width YW and depth D as
follows. For any K, L € NT,

W = 38(|8] + 1)2dP1 1 L log,(8L)], (10)
D = 21(|8] 4 1)’ K [log,(8K)], (11)

where |a] is the largest integer no greater than a and [a] is the smallest integer no less
than a.

Lemma 9 (Approximation error) Assume f € HP([0,1]%, M) with B = k + a where
k € NT and a € (0,1]. Then there exists a function ¢o implemented by a ReLU network
with width W and depth D specified in (10) and (11) such that
sup  |f — ool < 18MCy(KL)™ 7,
:L‘E[O,l}d\HByts
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where Cg = (|B]+1)2dPI+BYN2 Hp s = Ul {z = [21,...,24) : 2, € UL (b/B — 6,b/B)}
for B=[(KL)*%],6 € (0,1/(3B)] and a VV b = max(a, b).
Furthermore, if

W = 38(| 8] +1)2dP1+139 L [log,(8L)],
D = 21(| 8] + 1)2K [log, (8K)] + 2d,
then y
sup |f —¢o| <19IMC3(KL)™ @
z€(0,1]¢

In this uniform approximation result, the width VW is required to depend on d exponentially.
The following theorem gives an error bound for D when D* is a Holder function.

Theorem 10 (Non-asymptotic error bound for ﬁ) Suppose that Assumptions 4 and
5 are satisfied, D* € HP([0,1]%, M) with 8 = k + a where k € N* and a € (0,1], and Frnx
is the function class of ReLU DNNs with width W and depth D specified in (10) and (11).
Then, for M > 1 and n > Pdim(FpNN), we have

max

~ « 4B
Esy,|1D = D2 < € (€ + CLKL) ™7 ),

where C1 = (| 8] 4 1)*@?BI+BVY and the constant C' depends only on (u,, M).
Furthermore, if

W = 114(| 5] + 1%+,
D = 21(|] + 1)? [0 log, (8074 )|,

then
~ __28
Es, s,|ID — D*||20 < Co(|B] + 1)°a2PIHEV3) =325 1og® n, (12)

max

where the constant Cy depends only on (u, o, M).

The convergence rate in (12) is optimal (up to some logarithmic factor). This can be

seen by considering a density estimation problem with i.i.d observations 5’,51) ={Z é}i)}?;ql

from an underlying unknown density ¢; on [0,1]%. To estimate q;, we sample referencing
observations SI(,l) = {Zz(,lj)};n:”1 with m, > my, from a uniform distribution Unif([0, 1]¢)
whose density p; = 1. Tflus, estimating the density ratio q;/p; is equivalent to estimating
q1. According to (5), we obtain the estimator ¢; of ¢;. If logq1 € HA([0,1]¢, M) where
B =k+a with k € Nt and a € (0,1], a neural estimator based on the network structure
specified in Theorem 10 satisfies

__2B
Egon sonllin = a1l < Co([B) + 1P O Dy T2 1ogh i, (13)

Tsybakov (2008) showed that for a density belonging to the Holder function class, the

—26/(d+26))
q

optimal minimax rate of the density estimation is O, (m . Hence, our estimator

achieves the optimal minimax rate up to some logarithmic factor.

10
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In addition, the existing error bounds usually contain a prefactor depending on the
dimension d exponentially, e.g. 2¢ (Devroye and Lugosi, 1996). Such a prefactor can be
very large even for a moderately large d, which severely degrades the quality of an error
bound. The prefactors in our results depend on d only polynomially and are much smaller
than those in the existing bounds.

Theorem 10 is not a simple application of Lemma 9 (Theorem 3.3, Jiao et al., 2023b),
as it requires meticulous calculations and careful balance between the approximation error
and stochastic error to achieve the optimal convergence rate. In particular, the selection
of the network configuration specified in Theorem 10 is intricate and the calculation of the
associated stochastic error is rather complicated. For more details on the stochastic error
bound in this scenario, please refer to (43) in the Appendix.

Remark 1 In Appendixz B we provide some examples of p* and ¢* such that D* = log(q* /p*)
#HB([0,1]¢, M).

3.3 An application to the estimation of KL divergence

In this subsection, we apply our main results to the problem of estimating the Kullback-
Leibler (KL) divergence. The KL divergence occupies a central position in information
theory and statistics. For example, in the asymptotic analysis of hypothesis testing, the KL
divergence controls the rates at which error probabilities diminish. We propose an estimator
of the KL divergence that is asymptotically normal based on our convergence results for
BDD density-ratio estimator and data-splitting.

For two distributions with densities ¢ and p, their Kullback-Leibler (KL) divergence is
defined as &)

q(z
KL(q|p) - /Zq(Z) log 5y 4

The KL divergence between two probability distributions plays an essential role in infor-
mation theory, machine learning and statistics. Based on the variational representation of
KL divergence, Nguyen et al. (2010) proposed two KL divergence estimators by maximiz-
ing some empirical objective functions over certain function class R. The following three
conditions are assumed in Nguyen et al. (2010):

1. The target density-ratio R* € R, where R is the function class actually used in
computation. This assumption implies that there is no approximation error;

2. There exist constants 0 < K7 < Ko < oo such that for any R € R, it holds that
K; < inf R(z) <sup R(z) < Ko;

z2EZ 2€Z

3. The bracketing entropy of R satisfies H[j(d, R, || -
r > 0.

Nguyen et al. (2010) proved that their estimators are y/n-consistent. However, their
results are not applicable if the target R* does not belong to the function class R used in
the computation.

Suppose we have random samples {Z,;}.¢, i.i.d. ¢* and {Z,;},%, i.i.d. p*, and an

¢*) = O(07") for some constant

estimator of the log-density ratio D as defined in (5). Then a usual estimator of KL(q*||p*)
is KL(¢*||p*) = (1/nq) Y12, D(Zy.). Tt follows from Theorem 6 and the proof of Theorem

11
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10 that

T (%] [o0% EST: -8 3
KL(q"[|p") ~ KL(¢"[[p")| = Op (n” 77 log n) (14)

A detailed proof of (14) is provided in Appendix A. Note that we only assume D* €
H5([0,1]¢, M) instead of D* € Frnn, but we can still show that the estimated KL-divergence
Ki(q*\lp*) converges to the true KL-divergence KL(q*||p*) after a careful analysis of the
approximation error induced by neural networks. However, in high-dimensional settings,
KL(g*||p*) generally does not have a usual asymptotically normal distribution with root-n
rate of convergence and its asymptotic distribution is unknown, this is because the con-
vergence rate of D may not reach o(n_l/ 4), typically required for estimating a smooth
functional of a nonparametric estimator (Bickle et al., 1998). Therefore, we cannot use this

estimator directly for making statistical inference, such as constructing confidence intervals
for KL(g"||p").

Suppose we have observations {Zq,l, ceey Zqﬂm} from ¢* that are independent of the
samples used in estimating D*. For example, these independent observations can be obtained
by splitting the existing samples {Z, 1, ..., Z4n,} from ¢* into a training set and a ‘test set’.

A new estimator for KL(¢*||p*) can be defined based on the independent data:

m

Kn(@'l1%) = — >~ D(Zy.). (15)

=1

Theorem 11 Assume m = o(n??/(@+28) Jog3 n) — o0 as n — oo, E5p75q||ﬁ — D*|2u =

O(n=28/(4+28) 10g3 n) and E,~D**(Z) < oo. Then,
Vi (KLn(q" [p") = KL(g"[[p")) > N(0,0%)

in distribution, where 0? = EgpD**(Z) — EqQ*D*(Z). The variance o can be consistently

P .92
estimated by 62 = LS D*(Z, ;) — [% S D(Zq,i)} .

Confidence intervals for KL(g*||p*) can be constructed based on this asymptotic normality
result. We provide a simulation experiment to illustrate Theorem 11 in subsection 5.2. An
important feature of Theorem 11 is that the convergence rate is root-m, where m is the size
of the test sample. The requirement that m = o(nw/ (d+26) 1503 n) — oo is due to the fact
that the optimal convergence rate of the density-ratio estimator is O(n_w/ (d+25) 1og? n)
(Theorem 10). In practice, the prior knowledge in 5 can help decide the test sample size m.
For example, in semi-parametric inference problems, 5 > d/2 is often assumed to establish
asymptotic normality (Bickle et al., 1998); if we also assume 3 > d/2, then m = o(n'/?) — oo
satisfies the requirement for m in Theorem 11. In subsection 5.2, we conduct a simulation
study to illustrate Theorem 11.

Remark 2 It can be easily shown that results similar to Theorem 11 hold for the f-

divergence, which is D¢(q|lp) = [zp(2)f (q(2)/p(2))dz, if f has a bounded first-order
derivative on its domain.

12
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4. Some theoretical extensions

In this section, we consider several extensions to relax some conditions of the main results in
3. These extensions include: (1) Extension to cases with unbounded support; (2) Extension
to mitigate the curse of dimensionality; (3) Extension to cases with unbounded density
ratio.

4.1 Extension to the case of unbounded support

Recall that the densities ¢* and p* are assumed to have the same support [0,1]%. Such a
hypercube assumption is made for technical convenience. In fact, our Theorem 6, Corollary
7 and Theorem 10 do not rely on the hypercube assumption. In practice, a density ratio with
unbounded support can be often encountered, necessitating a relaxation of the hypercube
assumption to accommodate scenarios with unbounded support. To this end, we only need
to study the upper bound for the approximation error || Dxy — D*||max more carefully. With
unbounded support, we may bound || Dy — D*||max by the support truncation technique
under some suitable additional assumptions, at a small price of a slightly larger logarithm
term in the error bound.

Specifically, suppose that the p.d.f’s are supported on R¢, to bound the approximation
error as in Theorem 10, in addition to Assumptions 4 and 5 and the Holder class assumption,
we need to impose the following assumption on the tail probabilities.

Assumption 12 There exist two positive constants ¢ and C such that

max(E«I{||Z||lcc = Clogn}, E {||Z| > Clogn Scniﬁ.
(Ep gn}, E g

Examples satisfying Assumption 12 include sub-Gaussian variables e.g. normal random
variables and sub-exponential variables e.g. exponential random variables and y?-random
variables etc. We provide a brief proof about this fact in Appendix C. The next theorem
provides an extended result for target density ratio with an unbounded support.

Theorem 13 (Non-asymptotic error bound with an unbounded support) Suppose
that Assumptions 4, 5 and 12 are satisfied, D* € HP(R%, M) with B = k + a where k € N*
and a € (0,1], and Fpnn s the function class of ReLU DNNs with width W and depth D
specified as below,

W = 114((5] + 1)%d7H,
D =21(|8] + 1) [nﬁ log, (gnﬁﬂ .

Then, for M > 1 and n > Pdim(Fpnn),

Es, 5,1 — D*|2e < Co(18] + 1)°d2L81+(8V3),~ 35 (210g2L81V3 1) (16)

max —

where the constant Cy depends only on (u, o, M).

The proof strategy for Theorem 13 is based on truncating the input data to confine it
within a bounded set ({z : ||z|lcoc < Clogn}) and controlling the associated errors for data

13
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points lying outside this bounded set through the tail probability delineated in Assumption
12. Compared with the upper bound of the approximation error in Theorem 10, when the

p.d.f’s are supported on R?, the approximation error bound has an extra logarithmic factor
(21ogn)L8l.

4.2 Extension to mitigate the curse of dimensionality

In many modern statistical and machine learning tasks, such as image processing and text
analysis, the dimensionality d of the data can be high, which results in a very slow con-
vergence rate even with a large sample size. This is known as the curse of dimensional-
ity. Nonetheless, the data in various applications has been demonstrated to be supported
or approximately supported in some subspaces or subsets with low intrinsic dimensional-
ity (Nakada and Imaizumi, 2020). For regression problems, Nakada and Imaizumi (2020)
have shown that DNNs can adaptively estimate the regression function through the low-
dimensional structure of the data, and the resulting convergence rates no longer depend on
the nominal high dimensionality d of the data, but on its low intrinsic dimension.
Motivated by these advancements, we assume that the data is concentrated on an ap-
proximate compact Riemannian submanifold M with the Riemannian dimension dy < d.

Assumption 14 The target log-density ratio D* € HP([0,1]%, M) with B = k + a where
k € Nt and a € (0,1], and the data from the densities p*,q* are concentrated on a set
M,prvr C[0,1]? defined as

M, vr = {x€[0,1]Y: there exists y € Mrvr, ||z —yll2 < p},

where M;y g is a compact dpq-dimensional Riemannian submanifold having condition
number 1/7, volume V', and geodesic covering regularity R and p € (0,1).

The next theorem provides a non-asymptotic error bound depending only on the intrinsic
dimension.

Theorem 15 Assume Assumptions 4, 5 and 14 hold. Suppose that D* € HP([0,1]¢, M)
with =k +a, k € Nt and a € (0,1]. If Fpnn is the function class of ReLU FNNs with
width and depth

W =38(|8) + 1)%ds\ "+ L[log,(8L)]

D = 21([8] +1)°K [logy(8K)],
where K,L € NT and ds = O (daplog(dVRT1/8)/6*) < d, then when M > 1, n >
Pdim(FpnN) and

_28
p < (LﬁJ + 1)225(15*%d(gm+(5*1/2)\/(1/2) (KL) a5

we have

4

~ _48
By, D = D* [ < C(1 = )22 + Co(KL) |,

where the constant C' only depends on (u, o, M), Cy = (| 5] + 1)4(2d)2f8d§ﬁ+(5\/1), and &, 1s
defined in (9).

14
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Remark 3 ds is the dimension of the Fuclidean space, where the low-dimensional Rieman-
nian manifold is embedded and the distance between two embedded points approximately
equals to the distance between their original points on the manifold with a relative error
d; see (48) in the supplementary materials for more details. In Theorem 15, the de-
pendence on p has been absorbed in the convergence rate in Theorem 15 as we require
p < (LBJ + 1)22,8d5—1/2d(%m+(6*1/2)V(1/2) (KL)_QB/d‘S.

By Theorem 15, if we set W = 114(| 8] +1)2d; 11, D = 21(| 8] +1)? [n% log, (8n%)],
with (5 = ds/(2(ds + 2)), then

N p*2 5\ —28 —% 3
Es, s,||D — D < CoC3(1 —§) *"n 4+28 log” n, (17)

max

where the constants Cy only depends on (u, o, M) and
Cs = (18] + 1)? max{d:HT3 (2a)20 437+ PVDy,

The convergence rate n~=28/(4s+28) up to some logarithmic factor in (17) only depends
on ds < d, instead of the ambient dimension d. Therefore, Theorem 15 shows that a
low-dimensional Riemannian submanifold support assumption can alleviate the curse of
dimensionality.

4.3 Extension to the case with an unbounded density ratio

Our previous results in Theorem 6 and Corollary 7 are derived under the boundedness con-
dition in Assumption 5, which is commonly made in the relevant literature (Sugiyama et al.,
2012a; Kato and Teshima, 2021; Kato et al., 2023). It is, however, somewhat restrictive in
density-ratio estimation problems. For instance, it may not be satisfied in the scenario with
density-chasm problem, i.e., the gap between two densities is large (Rhodes et al., 2020).
To relax such an assumption, we consider the following partially-relaxed version.

Assumption 16 There exists a constant 0 < M < oo such that D*(z) > —M for every
z€ Z and |D||s < M for every D € FpnN-

Assumption 16 does not require the target log-density ratio D* to be bounded above.
Denote the truncated D* and R* by

D}y (z) = D*(2)I[{D*(z) < M} + MI{D*(z) > M},
Ry (2) = R*(2)[{R*(2) < eM} 4+ eMI{R*(2) > M},

where 0 < M < oo and I{-} is the indicator function. The next theorem establishes a
non-asymptotic error bound involving the truncation error under Assumption 16.

Theorem 17 Suppose Assumptions 4 and 16 hold. When n > Pdim(FrNN), there exists
two constants C' depending only on (p,o, M) and Cy depending only on (u,0), such that

B~ D' < Coet¥ | = Ryl + (604 int D= Difl).
where &, is defined in (9).
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The term ||R* — R}, || is the truncation error for an unbounded R* and the unboundedness

also leads to the term &, = [Pdim(Frxn)(logn)/n]*/? in the error bound, which is greater
than ¢2 in the bounded case. However, because no boundedness assumption is needed
in this theorem, we can apply it to study the convergence properties of the telescoping
density-ratio estimator of Rhodes et al. (2020) in subsection 4.4 below.

Remark 4 To the best of our knowledge, the tight bound for density-ratio estimation in
unbounded setting is an open question. Fven in density estimation problems, when the
density is unbounded above, it remains unsolved what the tight bound is. QOur result in
Theorem 17, albeit not tight, is an attempt to tackle the challenging unbounded density-
ratio problem.

4.4 An application to analysis of the telescoping density-ratio estimator

In this subsection, we apply the extended result in Theorem 17 for unbounded density ratios
to investigate the convergence properties of the telescoping density-ratio estimator proposed
by Rhodes et al. (2020). By leveraging the main results in Theorem 6 and Theorem 17, we
theoretically demonstrate the advantages of the telescoping estimator for unbounded density
ratios. This analysis provides insights into the performance of the telescoping approach
under more general conditions.

When the difference or the ‘gap’ between two densities is large, a single-ratio estimation
method may perform poorly. This is referred to as the density-chasm problem (Rhodes
et al., 2020). To alleviate this problem, Rhodes et al. (2020) proposed an approach called
Telescoping density-Ratio Estimation (TRE). This approach first gradually transports sam-
ples from ¢* to samples from p*, creating a chain of intermediate datasets, then estimates
the density ratio between consecutive datasets along this chain. The chained ratios are
combined via a telescoping product which yields an estimate of the original density ratio.
The experiments conducted by Rhodes et al. (2020) demonstrate that TRE can yield sub-
stantial improvements over existing single-ratio methods for mutual information estimation,
representation learning and energy-based modelling.

We now provide a theoretical analysis of TRE, which partially explains why TRE per-
forms well. For notational simplicity, suppose n, = n, = n below.

For £k = 0,1,..., K, Rhodes et al. (2020) constructed a chain of intermediate samples
connecting ¢* and p* by setting Z,;, = (1 — az)l/QZq,i +axZyi, @ =1,...,n, where 0 =
ap < ap < --- < ag-1 < ag =1, and used these samples to build a TRE.

To simplify the analysis, we use a slightly different chain of intermediate samples as
follows. For k =0,1,..., K, let

Z}m = (1 — 5k,i)Zq,i =+ 5k‘,in,’ia 7= 1, ey n, (18)

where 034,74 = 1,...,n, are i.i.d. Bernoulli random variables with success probability ay,.
Let g, be the density of the synthetic data Zj; constructed this way. We have g;(z) =
(1 —ax)q*(z) + agp*(2),k = 1,..., K — 1. Therefore, the distribution of the samples from
gr in the chain is a simple mixture of ¢* and p* with the mixing proportions 1 — oy and oy,
instead of a more complex convolution of two densities using the construction of Rhodes
et al. (2020). As aj changes from ag = 0 to ag = 1 over a grid {ag, a1,...,ax} C [0,1],
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the distributions of the samples in the chain move gradually from ¢* to p*. Let go = ¢* and
qx = p*. Then,
=) 7
R*(2) = ‘—’*( | = I] Bi2), = € 2, (19)
Pz .
1=0

where R} (2) = qi(2)/qr+1(2). For k=0,1,..., K —1, applying the neural density-ratio esti-
mator with {Z ;}7%; and {Zj11,; };Lf{l yields an estimator Ry, of Rj. Then the telescoping
density ratio estimator of R* is Hf;ol Ry.

We consider the log-density ratio. Let Dy be the neural estimator of D}, = log(qx/qi+1)-
Based on (19), the telescoping estimator of the log-density ratio D* = log R* is

K-1
DrRg = Z Dy.. (20)
k=0

In what follows, we show that under certain conditions, the telescoping estimator has an
improved asymptotic error bound. The intuition is as follows: when gx/qi+1 is bounded or
qk(2)/qr+1(z) < q*(2)/p*(2) for z € Z, where g, and g1 are the densities of the synthetic
data {Zj }}1:1 and {Z41,; };’:1, respectively, the truncation error for gx/qr41 vanishes or is
far less than that for ¢*/p*. This can help the telescoping density-ratio estimator perform
better than a single-ratio estimator.

Assume that ¢* > ¢; and ¢; < p* < ¢, where 0 < ¢1, ¢o < 00 are two constants. Thus,
D* = log(q*/p*) > log(c1/c2). So Assumption 16 is satisfied. For any finite set A C R,
max A denotes the maximal value in A. Let M =log(ca/c1) and M satisfy

M > maxAg\glﬁ), (21)
where

1— g
A%ﬁ:{uu{mgl_ﬁ;HkZL“wK—1}

Wi (1—e My, +e ™M
o
& (1—eMyag_q+e M

k—l,...,K—l}.

Based on Theorem 17, we can establish an asymptotic error bound for the telescoping
estimator Drrg defined in (20), with

Dy, € argmin Bf/j(eD),
DeFrNN

where

BE(EP) = 13" LD (Zin ) + 0 La(D(Z4).
i=1 =1

where £1 and Ly are defined in (6) and Fpnn consists of DNNs D with ||D|loc < M. To
demonstrate the advantages of the telescoping estimator, we also consider the single-ratio
estimator (SRE), Dgrg € argminpe r. By (e?).
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Proposition 18 Assume that ¢* > c1, c1 < p* < co, where the constants 0 < ¢1 < ¢g < 00,
and the samples {Zqi};y from ¢ and {Z,;}7_, from p* are independent. Then, there
exists a constant Cy(u, o, c1) depending only on (u,o,c1) such that for

Bsrg = €M Co(p, 0,¢1)||R* — Riyllp,
we have
lim sup Esp,quﬁSRE — D*||2 < Bsge,
n—oo

limsup Es, s, || Drre — D*||2 < (1 — ag—1) BsrE,
n—oo

where || f|l2 = Uz f2(z)dz] 1/2 for any square integrable function f.

Proposition 18 shows that for a given sequence 0 = ag < a1 < -+ < ag_1 < ag =1
satisfying (21), the upper bound for the asymptotic Lo-error of ﬁTRE is reduced by a factor
(1 —ag—1) with 0 < 1 — ag_1 < 1. This upper bound can be far less than that of ﬁSRE
when a1 is close to 1. Therefore, TRE can improve the asymptotic error bound over the
bound for the single-ratio method.

To realize (21), it generally requires that for 0 = ap < a1 < -+ < ag—1 < ag =1,
maxy—1 . k(o —ag_1) is small enough or otherwise max AE@? > M. Hence, it often needs
a chain with relatively large K to achieve better performance.’ Nonetheless, one intermediate
distribution (K = 2) may still give improved results when M is large enough.

Proposition 18 is generally not applicable to the original chain of TRE. The difficulty is
due to the possibly intensive oscillation of density ratios caused by the convolution form for
the density of the sum of two random variables. We illustrate this by a toy example: suppose
Zq, Zp are i.i.d. uniform random variables on [0, 1]. For any t € (0,1/2], (1 —t)Z,+1tZ, has
density

1—
© {1 —t<z < 1)

1
0<z2<t)+—Ift<z<1—t}+ ——"
0szsti+ i<z i-t 43—

q:(z):m

In this case, ¢*/q; is unbounded and oscillates sharply when z is close to 0 or 1. This makes
it hard to estimate ¢*/q;. However, the chain we used does not have this problem, which
may be a good choice in practice. In subsections 5.4 & 5.5, we conduct some numerical
experiments to compare the performance of the telescoping ratio estimates based on our
proposed mixing chain and the original convolution chain.

5. Numerical studies

In this section, we conduct simulation studies to validate our main theoretical results,
evaluate the performance of our proposed KL estimator, test the effect of (1-ag—1) in the
proposed mixing telescoping density-ratio estimator (mn”TRE) and compare mTRE to the
convolution-based telescoping density-ratio estimator (¢cTRE) in Rhodes et al. (2020).
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5.1 Simulation studies to validate the main theoretical results

In this subsection, we present numerical validations for Theorems 10 & 13. Note that
Theorem 10 pertains to a special case of Theorem 6 and Corollary 7. The numerical
verifications conducted for Theorem 10 also serve to demonstrate the validity of Theorem
6 and Corollary 7. Moreover, Theorem 13 is an extension of Theorem 6 for the unbounded
support case.

In the first part, we conduct numerical validations for Theorem 10.

e Model (TN): Let TNy, (X, a) be a truncated dp-dimensional Gaussian distribution with

a mean 0 € R%, covariance matrix ¥ € R%*% and a truncation level a > 0. That is,
V ~ TNy(Z, a) implies that there exists a dp-dimensional Gaussian random variable
U = N(0,%), such that V = UI(|Ul]|ec < a). Let Z = (Z1,...,Z24,)" € R
be the random vector of interest. For distribution p*, Z ~ TNag,(I24,,a) and for
distribution ¢*, Z ~ TNag, (X(p), a), where Iyq, is the 2dy x 2dy identity matrix and
Y(p) = (0f;) € RMOX%O,U& =1ifi =j,0f; = pif|i —j| = do, and 0f; = 0
otherwise for i,7 =1,2,...,2dp.
We discuss the Holder properties of the truncated Gaussian distributions in details
in Appendix B. In this example, the target log-density ratio has an infinite Holder
smoothness parameter (8 = oco) and has finite support. The parameters are specified
as follows: p=0.1,dg =2 and a = 1.

e Model (NI): The second simulation below satisfies all the conditions outlined in Theo-
rem 10. That is, the target log-density ratio has a finite Holder smoothness parameter
and finite support, different from the first model.

Let X be a dg-dimensional random vector. And

{q* Z=(Y,X),Y =V1l{a; <Y1 <a2},Y1 = fo(X) +¢, (22)

p*:Z =Y, X),Y =Y 1{a; <Y1 <a}, Y1 =1+ fo(X) +¢,

where ¢ ~ TNy (1,1) and a1, ay are set to let ¢* and p* have the same support. We
show at the end of Appendix A that

7" (y,x)
p*(y, x)

() = = folw) —y+ 5 +e (23)

for some constant ¢ and any z = (y,z), implying that D* has a Holder smoothness
akin to that of fo(x).

For this example, we set dg = 3,a; = 1,a2 = 2, X follows a uniform distribution on

[0, 1]9 and
d()—l d()
fo(z) : = (dg —1)71 Z Tixig1 +dy?t ZQsin (27mz;) I{z; < 0.5}
=1 =1
do
+dy'y (47r(\/§ 1)t (xz - 2—1/2)2 e 1)) I{z; > 0.5}.

i=1
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Notably, fo is a member of H?([0,1]%, M) with § = 2 and some constant M. Such a
fo is also considered in the simulation studies in Nakada and Imaizumi (2020).

Implementation details and results: For each model, we vary n, = n, = n € {100, 500,
1000, 5000, 10000, 100000} and each setup is repeated 10 times. The neural network
architectures and additional implementation details can be found in Appendix G.1.
The empirical mean squared error, denoted as MSE(ﬁ), is computed as detailed in
Appendix G.1.

The average MSEs and their SEs over 10 replications with different n under Models
(TN) & (NI) are summarized in Table 2. From Table 2, it can be seen that the
empirical MSEs decrease as the training sample size increases. According to Theorem
10, log MSE(n) ~ (—25/(28+d)) log n+C for some constant C. Denote the theoretical
convergence factor as CF = —23/(25+d). We then fit a simple linear regression based
on the data in Table 2 for Models (TN) and (NI) separately. In the linear regression,
the response variable is the logarithm of the estimated MSE, denoted by log I\TS\E(ZA)),
and log n is the predictor. The log-transformed data and the fitted lines are displayed
in Figure 1.

For Model (TN) with d = 2dy = 4 and 8 = oo, the theoretical convergence factor
can be computed to be CF = —1. And the empirical CF shown in Figure 1 is around
—0.9809. For Model (NI) with d = dy+ 1 =4 and = 2, the theoretical convergence
factor is CF = —23/(28 + d) = —1/2. And the empirical CF in Figure 1 is around
—0.5101. These empirical results provide supporting evidence for the validity of our
Theorem 10.

Table 2: The average MSEs of the proposed deep log density ratio estimate (BDD) and the cor-
responding simulation standard errors (in parentheses) over 10 replications for verifying Theorem

10.
. Model | 1 el (TN) Model (NT)
100 3.48502(0.69336)  6.32138(1.28762)
500 0.56943(0.12371)  2.58476(0.46108)
1000 0.23291(0.03584)  1.90831(0.53766)
5000 0.05760(0.00893)  0.82870(0.30309)
10000 0.02860(0.00540)  0.61421(0.13418)
100000 0.00376(0.00009)  0.17945(0.00595)
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Figure 1: The log-transformed data based on Table 2, and the fitted lines based on the
linear regression model, along with their slopes. The theoretical convergence factors for
Models (TN) & (NI) are —1 and —1/2, respectively.

In the second part, we conduct numerical validations for Theorem 13, which underscore
the importance of Assumption 12 in Theorem 13.

e Simulation model setup: We consider the data generating model in (22) with dy = 1
and fo(x) = sin(|z|). In view of the non-differentiability of | - | and the Lipschitz
continuity of fo with a constant of 1, we know fo € H?(R,1) with 3 = 1. Note that
Z = (Y, X). We consider two settings of X:

X follows the standard normal distribution,a; = 0.8, a9 = 1.8
X follows Student-t(2),a; = 0.5,a2 = 1.5

where Student-t(2) means the Student’s-t distribution with degrees of freedom 2.
When X follows normal distribution, Z = (Y, X) (if Y is bounded) satisfies As-
sumption 12; when X follows Student-t(2), Assumption 12 is violated since random
variables satisfy Assumption 12 at least have finite moments, while Student-t(2) ran-
dom variable does not have finite variance. Other simulation implementation details
are similar to those for Model (NI) in the first part; see Appendix G.1.

e Results: The average MSEs and their SEs (over 10 replications) with varying sam-
ple sizes n are summarized in Table 3. When Assumption 12 holds, the theoretical
convergence factor CF = —25/(26 +d) = —1/2 since d = dp+1 = 2 and 8 = 1.
The log-transformed empirical data in Table 3 and the fitted lines based on a linear
regression model are shown in Figure 2. The empirical CF for normally distributed X
in Figure 2 is around —0.4912, very close to the theoretical value of —1/2. Conversely,
when X follows Student-t(2), the empirical CF is computed as —0.2296, indicating a
decelerated convergence rate when Assumption 12 is violated.
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Table 3: The average MSEs of the proposed deep log density ratio estimate (BDD) and the cor-
responding simulation standard errors (in parentheses) over 10 replications for verifying Theorem

13.

n Model Normal Student-t(2)
100 6.54752(3.75635)  8.19044(3.28793)
500 2.74838(1.54536) 7.04476(1.91902)
1000 2.21367(1.79875) 5.34623(2.25564)
5000 1.46320(0.37831)  3.25975(1.12520)
10000 0.71740(0.34525)  2.62748(0.92486)
100000 0.19501(0.00879) 1.95932(0.26622)

@ BDD error
—— Fitted line

® BDD error
—— Fitted line

0.8
0.6
0.4 4

Slope: -0.4912 Slope: -0.2296
)

0.2 4

0.0 4

Log MSE

~0.2 1

-0.4 1

2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Logn Logn

(a) N(0,1) (b) Student-t(2)

Figure 2: The log-transformed data in Table 2, and the fitted lines based on a linear
regression model, along with their slopes. The theoretical convergence factor is —1/2.

5.2 Simulation studies to examine KL divergence estimation

In this subsection, we use a simulation experiment to examine the asymptotic normality
of KL divergence estimation in Theorem 11. Our simulation setting is as follows: Let
Z = (21, Za, ..., Zdy, Zdg+1s Zdg+25 - - - » szo)—r € R2% be some random vector of interest.
For distribution p, Z ~ N(0, Ia4,) and for distribution ¢, Z ~ N(0,3(p)), where Ioq, and
X(p) = (05 ;) are defined in the last subsection.

We calculate the bias magnitude (Bias), the standard errors of the KL divergence es-
timate in (15) across the replicated samples (SE), the estimated standard deviation (SD)
based on the asymptotic normality in Theorem 11, and the actual confidence interval cover-
age under the nominal coverage of 0.95 (CP). The simulation results ford = 1,5, p = 0.4,0.7
and m = 100, 200, 400, where m is the testing sample size in Theorem 11, are reported in
Table 4. These reported results are based on 200 simulation repetitions. From Table 4, we
see that relatively small testing data sample size m = 100 produces the satisfactory actual
coverage, and relatively large m, such as m = 200 or 400, may damage the actual cover-
age of the constructed confidence interval through Theorem 11. This coincides with the
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Table 4: Simulation results for the KL divergence estimation

d n p m Bias SE SD CPp
100 -0.0024 0.0414 0.0385 0.915
0.4 200 -0.0064 0.0286 0.0274 0.945
400 -0.0061 0.0206 0.0193 0.895

100 -0.0022 0.0684 0.0655 0.930
0.7 200 -0.0093 0.0446 0.0470 0.945
1 400 -0.0090 0.0349 0.0337 0.930

100 -0.0073 0.0391 0.0383 0.960
0.4 200 -0.0043 0.0303 0.0276 0.925
400 -0.0025 0.0220 0.0195 0.910

5000

10000
100 -0.0092 0.0707 0.0664 0.930
0.7 200 -0.0077 0.0481 0.0473 0.950
400 -0.0092 0.0372 0.0332 0.895
100 -0.0215 0.0934 0.0882 0.935
0.4 200 -0.0260 0.0665 0.0631 0.915
5000 400 -0.0320 0.0583 0.0444 0.805

100 -0.0661 0.1633 0.1513 0.910
0.7 200 -0.0325 0.1329 0.1064 0.865
5 400 -0.0457 0.0948 0.0750 0.830

100 -0.0184 0.0887 0.0876 0.935
0.4 200 -0.0179 0.0673 0.0620 0.920
400 -0.0222 0.0550 0.0441 0.880

100 -0.0421 0.1607 0.1467 0.900
0.7 200 -0.0427 0.1155 0.1059 0.920
400 -0.0423 0.0919 0.0744 0.850

10000

requirement for m in Theorem 11, as we have seen that m cannot be too large in Theorem
11. All related implementation details can be found in Appendix G.2.

5.3 Simulation studies to check the effect of (1-ax_1) in mTRE

In this subsection, we conduct simulations to examine the effect of (1 — ag—1). The data
generating model is as follows: Let Z = (Z1, Zs, . . ., Zd)T € R be a random vector, where
Z1, 4o, ..., Zq are i.i.d. random variables following distributions as below:

e For ¢*, Z; = /U;,U; ~ Uniform([0,1]),4 = 1,...,d. It can be easily checked
that ¢*(z) = (Zdl_[;izl Z)" b > 27¢ for any z = (21,%2,...,24)" € [0,1]¢ and
limy ., 50 ¢"(2) = o0;

e For p*, Z; = (U; + U?)/2,U; ~ Uniform([0,1]),i = 1,...,d. Similarly, one can easily
show that p*(z) = []% (2 + 1/2) and thus, 2=% < p*(z) < (3/2)%.
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Such a simulation model meets the conditions in Proposition 18. In each experimental
iteration, we sample 2000 data points from ¢* and p* respectively to facilitate the training of
the neural network and the subsequent density ratio estimation. For other implementation
details, we refer readers to Appendix G.3 of the paper. The experiments are conducted for
d =1 and d = 5, respectively, with each configuration repeated 10 times. The average MSEs
(over 10 replications) and their respective SEs for varying values of ax_; are summarized
in Table 5.

Table 5: The average MSEs of the estimated TRE and the corresponding simulation standard errors
(in parentheses) over 10 replications.

d 1 5
QR —1

0.9 1.473x10%(1.994x 107 1) 5.296x10'3(1.498x104)
0.99 2.255x10°(3.931x1072)  1.016x10°(4.460x10!)
0.999 5.170x1072(7.967x107%)  6.820x10%(2.553x10")
0.9999 5.765x1074(1.440x107°)  1.601x10%(4.727x10°)
0.99999 5.741x1076(1.467x1076)  5.069x10%(1.281x10)
0.999999 1.873x1077(2.425x1077)  6.039x10°(1.489x1071)
0.9999999 | 1.542x1077(1.943x1077) 6.689x1072(1.513x1072)

Table 5 tells that the estimation errors decrease as air—1 approaches 1, which aligns with
the theoretical results in Proposition 18. Meanwhile, the density ratio estimation is quite
challenging in this simulation model, as the density ratio has a non-vanishing probability at
extremely large values, especially when the dimension d is higher; see the simulation results
for d = 5 and relatively small ax_1 in Table 5. Nevertheless, the proposed telescoping idea
proves instrumental in mitigating this challenge and enhancing the density ratio estimation.

5.4 Simulation on comparison of mTRE and cTRE

In this subsection, we conduct simulation studies to evaluate the performance of the tele-
scoping ratio estimates (TREs) based on our proposed mixing chain (denoted by mTRE)
and the original convolution chain (denoted by ¢TRE). Our simulation settings are as fol-
lows.

e Beta setting: Let Z = (Z1, Zo, ..., Zd)—r € R? be a random vector of interest, where

Z1,Zo,...,Zq are ii.d. random variables following Beta distribution, denoted by
Beta(a, 8). Set p* as the p.d.f of Z with Beta(2.2,1.5) and ¢* as the p.d.f of Z with
Beta(2,2). In this setting, we set d = 5.

e Normal setting: Let Z € R2% be some random vector of interest generated as in
subsection 5.2. But in this setting, dg = 5 and p = 0.9.

After obtaining a log density-ratio estimate D, suppose we have n; testing samples {Z;;};*
from ¢*, we calculate the MSE between the log density-ratio estimate D and its true value
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Table 6: The MSEs averaged over 10 replications and the corresponding standard errors in
parentheses for mTRE and ¢TRE under different settings of n, K. The bold one is the best
among the two estimates in a specific setting.

(n,K)
(5000,5) (5000,10) (10000,5) (10000,10)
mTRE | 0.9850(0.0269) 0.8840(0.0180) 1.0109(0.0171) 0.9299(0.0194)
¢TRE | 1.4670(0.0606)  1.2935(0.0274)  1.3674(0.0625)  1.2850(0.0293)
mTRE | 2.7426(0.0370)  2.8330(0.0450)  2.7483(0.0367)  2.7813(0.0265)
¢cTRE | 2.7987(0.0586)  2.7076(0.0293)  2.8184(0.0347)  2.7503(0.0297)

Setting | Method

Beta

Normal

Dg as below,
1/2

MSE(D) = ;i{D(Zt,i) — Do(Z14) Y
ti=1

We calculate the averaged MSEs over 10 replications and the corresponding standard errors
for mTRE and ¢TRE under different settings of n, K, where n is the training data sample
size and K is the length of the chain. In addition, we use n; = 5000 in this simulation. The
implementation details are given in Appendix G.4 of the paper. The results are summarized
in Table 6. Clearly, Table 6 shows that, for the models considered in the simulation stud-
ies, the proposed mixing chain performs comparably or better compared with the original
convolution chain.

5.5 Comparison of mTRE and cTRE on the MNIST dataset

We now apply the proposed mixing chain (18) for density ratio estimation to the MNIST
dataset (http://yann.lecun.com/exdb/mnist), which consists of 60,000 training and 10,000
testing grayscale images with 28 x 28 pixels. In the implementation, to accelerate the
computation, we use the subsampling method with a training subsample size of 20,000 and
a relatively small DenseNet network structure (Huang et al., 2017); see Table 10 of the
Appendix for the specification of the network architectures and its subsection G.5 for the
implementation details.

Similar to the results in Table 1 of Rhodes et al. (2020), we calculate the average
negative log-likelihood (ANLL) in bits per dimension (bpd, smaller is better) on the 10,000
testing grayscale images; see its detailed definition in (64) of the supplementary materials.
We denote the estimate based on the proposed mixing chain (18) with the chain length
B by “mTRE-B”. We obtain the averaged ANLLs and their empirical standard errors for
mTRE-5 and mTRE-10 over 5 random training subsamples. For fairer comparison, we have
run the original convolution chain (¢cTRE) in Rhodes et al. (2020) with a chain length 5
and 10 based on 20000 samples, mirroring the setups applied to the proposed mTRE. The
simulation results are presented in Table 7. From Table 7, one can see that mTRE performs
better than the corresponding ¢cTRE, and ¢TRE-10 failed to yield results due to recurring
occurrences of a “NAN” output in five random re-samplings.
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Table 7: The averaged ANLL’s and their empirical standard errors in parentheses for
mTRE-5, mTRE-10, cTRE-5 and ¢TRE-10 over 5 random training subsamples.

Estimator mTRE-5 mTRE-10 cTRE-5 cTRE-10
ANLL 1.40 (0.0045) 1.39 (0.0077) 1.41 (0.0002) —

6. Related work: comparison with the NN-BD estimator

There has been much work on the error analysis of nonparametric density-ratio estimation
(Nguyen et al., 2010; Sugiyama et al., 2008; Kanamori et al., 2012a; Yamada et al., 2013).
These results show that when the targeted density-ratio belongs to certain function space
H, such as RKHS, and thus no approximation error is incurred, their estimators achieve
certain nonparametric convergence rate decided by the complexity of H. Compared to these
works, our results consider the approximation error using neural network functions and still
achieves the minimax optimality up to some logarithmic factor under some mild conditions.

Our work is most related to the paper by Kato and Teshima (2021), who proposed a non-
negative Bregman divergence (NN-BD) method to tackle the possible over-fitting problem
due to the unboundedness of certain Bregman divergences. We compare our theoretical
results with those for the NN-BD estimator of Kato and Teshima (2021). Using the notation
in this paper, we restate two conditions required in Kato and Teshima (2021):

(a) Let F& .\ be a class of FNNs with output taking values in [e=*, eM] for some finite
M > 0. The target density-ratio R* € fé%NN- Moreover, for any function in FgNN, its
Frobenius norm of the parameter matrix W; in the jth layer is bounded by B; > 0 and the
activation functions are 1-Lipschitz positive-homogeneous.

(b) The function v(-) is o-strongly convex. Let ¢1(t) = ¥*(t)t — (t) + A, la(t) =
—p(t),t € [eM, eM], where ¢*(t) = Cpn{t'(t)t — ¥(t)} + (t). Here 9)(t) is a function
bounded above, Cy,,, and A are user-selected constants. Suppose ¢;(-) and ¢»(-) are Lipschitz
functions on [e=M, eM].

Under these two conditions, Kato and Teshima (2021) rewrote the BD in (4) as

By(R) = Epli(R(Z)) = CinEgl1(R(2)) + Egl2(R(Z)) + (1 = Chn) A,

and proposed the density-ratio estimator EKT defined as

D 1 i 1 L Chn o
Ryt = argmin § — Uo(R(Zg:)) + | — U (R(Z, ) — — b (R(Z, ; ,
r RE%TFNN{an 2(R(Zy4)) [nzzj (R(Zy)) = 2 ; 1(R(Zyy)] | }
where [a]4+ = max(0,a) for any a € R. They showed that

~ __1
|Ricr = R*llp = O, (077 (24)

for any O<a<?2.
As a comparison, we have the following error bound for our density-ratio estimator

~

R= exp(D) based on Theorem 6.
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Corollary 19 Under Assumption 4, when n > Pdim(flfﬂ%NN), there exists a constant C
depending only on (u, o, M) such that, for any v > 0, with probability at least 1 — exp(—),

~ Pdim(Ff )1
IR-Rl,<C \/ i ZNN) 0g”+\/z

Corollary 19 implies that ||R — R*||l, = Op(y/logn/n), when the true density-ratio R* €

Frnn- This convergence rate is faster than the rate for ]/%KT given in (24) obtained in Kato
and Teshima (2021). Moreover, the boundedness assumption for the weights of the neural
network functions, as imposed by Kato and Teshima (2021), is not needed in our result.
Corollary 19 also shows that, if the target ratio is assumed to belong to the optimization
space (or hypothesis space), i.e., R* € FlfRNN without approximation error, then the conver-
gence rate does not depend on the dimension of the data. In other words, the estimation
of R* does not suffer from the curse of dimensionality. However, the well-specified model
assumption is not realistic. Therefore, it is important to consider the approximation error
since most likely R* ¢ .7-"§NN in applications. Note that there is essential difference between
our proof of Theorem 6 and those of Theorem 2 in Kato and Teshima (2021): the proof
of Theorem 2 in Kato and Teshima (2021) operates in an asymptotic framework, whereas
our proof of Theorem 6 is in a non-asymptotic sense. A detailed comparison is provided in
Appendix F.

7. Conclusions

In this work, we have established non-asymptotic error bounds for the BDD density-ratio
estimator. Under reasonable conditions, we have shown that this estimator achieves the
optimal minimax convergence rate up to some logarithmic factor. When the data distri-
bution is supported on an approximate low-dimensional manifold, we have shown that the
BDD estimator can mitigate the curse of dimensionality. We have extended the analysis to
the cases that the target density ratio has unbounded support or is unbounded itself. As
an application of our theoretical results, we proposed an estimator of the KL divergence
that is asymptotically normal based on our convergence results for density ratio estimation
and a data-splitting procedure. We have also analyzed the convergence properties of the
telescoping density ratio estimator (Rhodes et al., 2020) and provided sufficient conditions
under which it has a lower error bound than a single-ratio estimator.

A limitation of our work is that certain boundedness assumption on the target density
ratio such as Assumption 5 or 16 is needed. Also, when the boundedness assumption is
partially relaxed as in Assumption 16, the error bound in Theorem 17 is not as sharp as
that with the boundedness assumption in Theorem 6. It would be interesting to further
relax or remove such assumptions. In addition, as we have stated in Remark 4, to the
best of our knowledge, what a tight bound is for density-ratio estimation in an unbounded
setting is still an open problem. Our result in Theorem 17, albeit not tight, is an attempt
to tackle the difficult unbounded density-ratio estimation problem. These are interesting
and challenging problems that deserve further study in the future.
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Appendix

In the appendix, we provide the technical details and proofs of the results stated in the
paper, and include the implementation details for the experiments reported in Section 5.

Appendix A. Proofs and technical details

Proof [Proof of Theorem 6| For notational convenience, denote €, = || DNN — D*||max and
use Er to denote Ey«, I = p,q. Recall that E,, denotes the expectation with respect to
(w.r.t) the empirical distribution of {Z7};2; for I = p,q. As D € argminpcz_ . Ln,n, (D),
where Ly, n,(D) = 1/n, Z?ﬁl L1(D(Zp ;) + 1/ng S04y Lo(D(Zy4)), we have

collD = D7 [[fyax
< By (ef)) — By, <eD*>
< By (¢P) =By (¢") = Layin,(D) + Ly, (Dxv)
— By (ef’) — Loy, (D) — {Bw (eD*) znp,nq(p*)}
+ {Enp,nq(DNN) - an,nq (D*)}
= (Ep — En ){L1(D) = L1(D7)} + (Eq — En, ){L2(D) — L2(D")}
+  En, {L1(Dnn) — L1(D*)} + En {L2(Dnn) — L2(D¥) } (25)

By Lemmas 25 and 30, with probability at least 1 — exp(—~1),

16C1 M
L 16C1My
3n
(26)

Ep, {L1(Dxn)—L1(D*)} < Ey{ £1(Dxn)—L1(D*) }4+V2C | DNx—D¥ || max %
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Also, with probability at least 1 — exp(—~1),

1602M’)/1
3n
(27)
where C t, Co = eMy. In what follows, we provide the detailed derivation for (26)
and omit the one for (27) as it is structurally the same as those for (26). By Lemma 25,
L1(t) is a function with a Lipschitz constant C; = 2e2M p.
First, we will show that

Varzp(L1(Dxn(Z)) — L1(D*(Z))) < CFIIDNN = D¥ |7 (28)

To this end, using the basic inequality Var(X) = EX? — E2X < EX? for any random
variable X, we have

ny (£2(Ds) ~£2(D*)) < Ey{La(Dr)~£2(D")}+VECl Dy =D | 2+

= 2e2M

Varzp(L1(Dnx(2)) — £1(D*(2))) < Ezep(L1(Dnx(2)) — L1(D*(2)))?
< Ezp{Ci1(Dxn(Z) — D*(2)))?
= C}Ezp(Dnx(2) — D*(2))°
= O}||Dxy — D)2
< CPlIDxx — D¥|2 s,

where the second inequality uses the fact that £q(¢) has a Lipschitz constant C} and the
last inequality is because || f||max = max{||f||p., || fllq} by its definition. This proves (28).
For any z € [0,1]¢, by the Lipschitz property of £; and || DNN/loo, | D* |l < M, we have

[£1(Dnn(2)) — L1(D*(2))] < C1|Dxn(z) — D¥(2)] < 2MCh.
By Bernstein’s inequality in Lemma 30, it holds that with probability at least 1 —exp(—y1),
Enp{ﬁ1(DNN) — L1(D")}

= —Z{El DNN p])) El( (pd))}

IMC
SEUIN L B0 | DN — D[l |
3ny Ny

) . 1601 M
< Ep{L1(Dxx) - L1(D*)} + V20, | Dy = D Hmax\/f g

In the last inequality we have used the fact that n < n,. This completes the proof of (26).
The inequalities (26) and (27) together imply that with probability at least 1—2 exp(—~1),

En {L1(Dxn) — L1(D*)} + En {L2(Dnn) — Lo D7)}
< Ep{L1(Dnn) — L1(D*)} + Eg{L2(Dnx) — L2(D*)}

. 16(Cy + Co) M
+ \/i(cl+02)||DNN—DHmaX,/%+ (C1+ )M

< Ep{Li(Dnn) — L1(DF)} +

3n
* 2 16(C 4+ Co)M
= By (eP) = By (7)) 4/ 201+ o) [ Do — D s+ 20 ?m?) B
« 2 . 6(C1 + Co)M
< Coll D = D e ) O+ Co)[ Do — D+ DML
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Step 1. Let g = (D — D*)?, then g < 4M? by Assumption 5. If | D — D*||pax < 7, then
vary(g) < Ep(g?) = Ep(D — D*)* < AM?E,(D — D*)? < 4M*?.
Regarding g as a function of D — D*, we have

|9(D1 — D*) = g(Dy — D*)| = |D} —2D1D* — (D — 2D;D")]

= [(D1+ D2 —2D")(D1 — Dy)|

= [(D1+ D2 —2D"){(D1 — D*) — (D2 — D*)}|
< 4AM|(Dy = D*) = (Ds — D*)).

Thus g can be viewed as the function of D — D* with a Lipschitz constant 4M. Denote
Fixtt = {D € Fexn, | D — D*|lmax < 7}, and

R f—sup— f(Zy I=mp,q,
nr fe]: ny ;771 l)

where n!,i = 1,2,...,n; are ii.d. Rademacher variables. For the rest of the proof of
Theorem 6, we use E,R,,F to denote the conditional expectation of R, ,F w.r.t 77{ ,i =
1,2,...,ng, given Zy;,¢ = 1,2,...,n; and E7,R,,F to denote the expectation of R, ,F
jointly w.r.t nl, Zy ;i =1,2,...,n7. By Lemma 29, with probability at least 1 — exp(—71),

ID—D*|2, —|D—D*|
. 2 16M2
< 3Byl {(D- DV D e Fi f+2y/ M+ =1
. 2 16M?
< 2UME,,R,, {(D-D"): De A} +2 '”M +— n (30)
n

where the last inequality follows from Talagland’s contraction theorem. Similarly, with
probability at least 1 — exp(—v1),

.y 2 16M?
|D=D*|,,~ID=D"|[2 < 24M By R, { (D = D*) : D € FR p+2y/ Pdar == 1.
(31)
Lot R (r)/(24M) = max {EMR”, {(D ~-D*):DeFRy }} . When
€1rq
16M2~y
2> R, 2> 32
e 2 Ru(r),r” 2 ——, (32)
(30) and (31) indicate that with probability at least 1 — 2 exp(—~1),
||D D*an,nq = maX{HD_D*Hz,np ||D D*”qnq}
2 1602
< max{|[D — D[}, D = D3} + Ra(r) + 2y = Mr + —o— 1
2 16M?
= |ID = D* [+ Rulr) +2/ i Mr 4+ =2
3 n
< (2r)2.
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Thus, when (32) holds, with probability at least 1 — 2 exp(—~1),
| D — D*||max <7 = [|D = D*||nyn, <27 (33)

Step 2. Suppose ||D — D*||max < 7o and let

G = {Ei(D) _Li(D"):De f]ﬁ;‘gO} i=1,2.
For each (I,7) € {(p,1),(q,2)}, with probability at least 1 — 2 exp(—y1),

no 46C; My, .

(E; — En,){Li(D) — Li(D*)} < 6E, Ry, Gi + V2C;ro g .

(34)

Denote ﬁ1?1;§ ={D € Foxn, ||D — D*||n,n, <7} By (33) in Step 1, when r§ > R, (r) and
73 > 16 M2~ /(3n), with probability at least 1 — 2exp(—~1), for each (I,i) € {(p, 1), (¢,2)},

By Ry Gs < 2CiByRa, {(D = D*): D € FRL® } < 2CiByRay {(D = D*) i D € FLZ™

Denote FP " = {D € Fexn, |D — D*||1n; < r}. When n > Pdim(Fpny), 7o > 1/n and
n > (2eM)?, we have

D Pdim (. 1
EyRn {(D—D*):DeFy 0} < 647"0\/ = I;NN) =2 (35)
and thus
Pdi 1
EyRp,Gi < 128Cir0\/ lm(}—iLNN) ogn (36)

Combining (25) (29) (34) and (36), with probability at least 1 — 8 exp(—~1), we have

~ 5 1
cO||D—D*HI2naX < 768(C4 +02)r0\/ dlm(fl;NN) ogn
2 46(Cy + C)M
+ﬁ(01 + C2)ro + (C1 + Co)Mm Ly
n 3n
2 16(Cy + Co)M
+\/7(Cl —|—02)€n+ ( 1+ 2) il
n 3n
= (C1+Co)ro (768\/ dim(Fpn) logn + \/71>
n n
2 62(Cy + Co) M
+Cocp + \/?(Cl + Ca)en + (1 —;n 2) My

Therefore, when max{\/Pdim(]:FNN)log n/n, en} < 10, there exists r1 < 7o such that

Hﬁ = D*||lmax < 71
Step 3. Let r, = inf{r > 0: R,(s) < s, for s > r} and E be the event on which
|D — D*||n,n, <47 forall D € .7-"FDN1’\?T* We intend to prove

Pdi 1
ry < HM\/ m(Fenn)losn o 130, (37)
n
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When 7, < 2v/3M/logn/n/3, the inequality is trivial. When r, > 2v/3M+/logn/n/3, by
the result in Step 1, P(E) > 1 —2/n. As a result,

12 < Rp(ry) < Ry(2r)) = 24M ax {E1 4R, {(D—D*):De Fxid™}}.
€1p,q

For each I € {p,q},
* D* 27, * D* 27,
EryRo {(D-D"):De FRZ"} = EiByR,, {(D-D"):De FR"}

— EiByRy, {(D - D*): D€ FRE™ } (I + Ixe)
e AM
< BiByRy, {(D-D"):De FRR™ f+—.

It follows from (35) that

Pdi 1 AM
12 < 24M (1287“*\/ dim(Fen) logn )

n n

24 M (128r*\/Pdlm(]:FNN) logn ., .41, 1)

n N Ty

24 Mr, (128\/ Pdim(Fray)logn | /3 )
n nlogn

K\/Pdim(]:FNN) log n

n

IN

Mr,,

where k = 24 x 130. Thus, 7, < kM /Pdim(Fpxn)logn/n and (37) is proved.

Step 4. Let Buax(D*,7) = {D € Foxn, | D — D¥|lmax < 7}, 7 > max (,/1ogn/n,r*)
and [ = LlogQ(QM/\/log n/n)J Then, the neural network function space Fpnn can be
divided into

Bunax(D",7), Bumax(D", 27)\Bmax (D", 7). .., Bunax (D", 2'7)\ Bunax (D", 2'717).

As 7 > 1, it then follows from the definition of r, that 72 > R, (7). Further, if
72 > 16M?v1/(3n), according to (33) in Step 1, with probability at least 1 — 2l exp(—~1),
forany j =1,2,...,1,

|D — D*||lmax < 2/7 = ||D — D*||n, n, < 27F'7.

Suppose that for some j < [, De Buax(D*, 277)\ Bax(D*,29717), then by the results in
Step 2, with probability at least 1 — 8 exp(—v1),

N ; Pdi 1 2
oD = D2 < (Cr+Co)27 (768\/ im(Frav) logn \/w)

n n

/2 2 M
+CO€,21 + %(01 + CQ)En + 6 (Cl + 02) ’Yl.

3n
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If
1 Pdi 1 1.
—(Cy + Cy) <768\/ m(Frnwlogn | 5 /“) < 9iF, (38)
Co n n 8
and
1 62(C1 + Cy)M 1 5.
— | Coe% + V2(Cr + Ca)eny | 2 + (C1+ Co)Mm < 2272 (39)
co n 3n 8
then

|D — D*||2,, < 2Y7%7 & ||D — D*||max < 2777

max

In short, to obtain this inequality, we need 7 satisfying (38), (39) and

/1 /1
FZmax( ogn’M 671,7‘*>.
n 3n

As r. < kM +/Pdim(Fpnn) logn/n, let

Cy = max

€o

B072(C1+ Co) o0 \/max{GC’o, 124(Cy + Co) M, 5(Cy + Ca)}
b ) CO

then

F—C. (\/Pdim(}"pNN)logn N /71 N 6n>
n n

satisfies all the requirements. As a result, with probability at least 1 — 10l exp(—~1),

|D — D*||max <7 and ||D — D* |y, n, < 27

Let 71 = log 101 + 7,1 = |logy(2M/+/logn/n)|. By the basic inequality va + b < \/a + v/b
for a,b > 0, with probability at least 1 — exp(—~),

~ Pdi 1 log 10!
1D~ Dl <7 = C. (J (i logn | flog10 *’Hen)

n

n
c. (\/Pdim(fFNN)logn . \ﬁ+€n L flos 101)
n n n

<
< (20, + logy M + 1) (\/Pdim(}aNN) logn + \/Z + en> :
Similarly, we have
1D — D* ||, m, < 2(2C, +logy M + 1) <\/Pdim(ﬁ;lNN) logn | \/Z + en> . (40)
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Since C = 2e*M 1, Cy = My, cg = 0e™3M /2 and Cy = pe*M /2, (20, +1logy M + 1) can be
significantly simplified through bounding each (M, u, o)-related quantity in (2C, +log, M +
1) by (Me*™ 1) /o up to some constant prefactors, when o < p (It is satisfied by the ¢ in
Table 1) and M > 1. Here we illustrate how to bound 3072(C; + C3)/co and 3120M. The
other quantities can be bounded in some similar ways. Since M > 1, obviously we have

3072(C1 + C) _ 12288¢°M (1 4+ =M /2) - 24576e5M 1y - 24576 M M
o o - o - o '

Because M > 1 and o < p, we know (e® 1) /o > 1 and then clearly

My, - 3120M My,
c o '

3120M < 3120M x

Given these discussions, there exists some large universal positive constant C' such that

CvM 5M
2C, +loga M +1 < #.
o

The proof of Theorem 6 is completed. [ |

Proof [Proof of Theorem 10| Since D* € H5([0,1]%, M) with 8 = k + a where k € N*
and a € (0,1], by Lemma 9, for the FpnN, a function class consists of ReLU FNN with
width W = 38(| 8] +1)2dP) 1 L[log,(8L)] and depth D = 21(| 8] +1)2K [logy(8K)], where
K,L € N7, there exists a function ¢g € Fpnn such that

sup D" — go| < 18M([B] + 1)2dPITED2(f L), (41)
xE[O,l]d\HB,(;

where Hps = UL {2 = [z1,...,24] : z; € Uf;ll (b/B—14,b/B)},B = [(KL)*%,6 e
(0,1/(3B)]. As Dn € argminpe gy 1D — D*[[max, then [|Dxy — D*[[Fax < lldo — D*|[F1ax-
By the result in (41), for I = p or ¢, we have

lgo— D2 = / D* — go2T* (@)dr + / D* — gol?T* (2)da
[0,1]9\Hp s Hps

< 324M2(|8] + DARBIHEVY (K L) 4 402 / I*(z)dz.
Hpgs

As p*(+), ¢* () are the density functions of some measures on [0, 1]% which are absolutely con-
tinuous with respect to the Lebesgue measure and § can be arbitrarily small, [ Hp s Iy(z)dz
is also arbitrarily small. Thus we have 7

48
d

g — D*||? < 324M2(| 8] + 1)*d2W+BVD (K 1)~
and
IDNN = D* |2 < lldo — D*[[2ax
32402 (| 8] + 1)*a2BH VD () L)~
3240204 (8, d)(K L)~ ¢

IN
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By Corollary 7, there exists a constant C; only depending on (i, o, M) such that
<Pdim(fFNN) log n
n

Bs,s,|D - D% < Ci

max

T D - D*H?nax)

S 01 { Pdim(./—"FNN> log n
n

+ 324M2C (8, d)(KL) ™ ¢ }

Pdi 1
< 324M201 { dlm(f}:INN) ogn + Cl

</3,d><KL>—“f}. (42)

This completes the proof of the first part of Theorem 10.

As for the second part of this theorem, based on Lemma 31, for a specific ReLLU network
f¢, where ¢ contains the parameters in the network, there exists a universal constant Co
such that

Pdim(fFNN) S CQSD log S,

where S is the total number of parameters in the network fs. For a ReLU FNN with width
W and depth D, it can be easily checked that S = O(W?D). Now for W = 114(| 5] +
1)2ql81+1 D = 21(| 8] + 1)? [nd/{2(d+28)} Jog, (8p¥/{2d+28)})] and W), D satisty

O(W*D) = O (18] + 1)°d2L7+ [nﬁ logn] ).

which means L =1, K = (nd/ {2(d+26 )}] , and there exist three universal constants Cs, Cy, C5
such that
SDlogSlogn

n

IN

X {21(Lﬁj +1)? [nwd%‘) log, (871W)-‘ log n/n}

— {(Lﬁj + 1)8d2w”nﬁ log? n}
n

IN

X {610g(LBJ +1)+2([8] +1)logd + Q(diZB)IOgn}

< % {(LBJ + 1)8d2tﬂj+2n2<%d26) log? n} {6(]8] + 1) + 2(|B] + 1)d + log n}

28
< Cs([B) + 1)@ T8 og? .
It follows from (42) that
ESP,SqHD - D*Hrznax

{ Pdim(fFNN) log n
n

324 M0,

IN

i ca(ﬁ,d)(KL)*f}

324 M>C

IN

Dl 1
) {CQS ‘;g‘s ognh | 01(5,d)(KL)—4f}

IN

3240°C1 { CoC3(18] + 1% 9075 log? 4 (18] + 1?10V Dy~ |

324M2C, (CoCs + 1)(|8] + 1)2d28I+BV3) =335 1063 .

IN
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This completes the proof of the second part of Theorem 10. |

Proof [Proof of (14)] Write

KL(q*[|p*) — KL(¢"||p")

n,
1 ~ = * ([ %
= | — > D(Zgi) — KL(¢"|Ip")
q ;-1

1=
Nq Mg g
1 =~ 1 * %
= |y DD~ o 3D 2+ 1 3 D () = B D' (2)
i= i= 1=

IN

_l’_

n, n,
1 o4 1 o
- > D(Zy) - - > D*(Zy)
7 5=1 1 =1

n
1 .
— 3 D"(Z43) ~ Bz D'(2)
7 =1

n
I o= ., .
;ZD (Zgi) — Ezmg-D*(2)
q =1

< [ID = Dlgn, +

< 1D = D" lnyn, + : (44)

Tq
1 * *
n ZD (Zqi) = Ez~qD*(Z)
9 =1

Applying the result for ||[Dnn — D*[|n,n, in Theorem 6 and following the same proof of
Theorem 10 but with E5p75q||13 — D*||2,.« replaced by EgpyqulA) — D*||?Lp,nq7 under the
conditions that D* € H?([0,1]¢, M) with 8 = k+a where k € N* and a € (0, 1], and Frnn
is the function class of ReLU DNNs with width W and depth D satisfying

W = 114(| 8] + 1)2dWP+ D =21(|8] + 1) [F(diw log, (snwizmﬂ :

we have
E D — D*|? 9 1218 +(BV3) ), — 7255 1q
SpSollD = D* |5, n, < Co(|B8] +1)7d n~ @28 log® n.

This implies that
A~ 6 4
D — D*|ln,.n, = Op (nf d+28 log% n) . (45)

By the classic central limit theorem, we have

1o .
;ZD (Zqi) = EznqD*(Z)
9 =1

~-0, <nq§> =0, (n7%), (46)

as n < ng. As a result, by (44), (45), and (46), we have

—~ __B
[RL("|lp*) = KL(g" [p")| = Op (n~ %% log? n) .

This completes the proof of (14). |
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Proof [Proof of Theorem 11] For convenience, recall that
Se =1{241, 242, -+ Zay }»

Sy ={Zp1s Zp2s -+ Zomy

and we write
test __ 17 7 ~7
Sq ={Zy1,Z42,..., Zgm}

Obviously, we have
Vin (KL (g7l lp") = KL(g"|Ip")

= v (KLu(q"llp") - B, D*(2))

_ [; S (D(Zgs) - D" (Zy)
=1

+vim [; > {D"(Zui) — B D*(2))
=1

Since m = o(n?%/(4+28) 10g3 n), it suffices to prove that

LS BZyi) — D*(Z4)} = Oy (n” 75 logi n) (47)
=1

By the Cauchy-Schwarz inequality, we have

m 2 m
[; Z{ﬁ(ZqJ) - D*(Zq,i)} < % Z {ﬁ(Zq,i) - D*(Zq,i)}g .
i=1 i=1

Therefore,

2
1 e~ ~, =~ e
Es, s,,stest [m > {AD(Zys) — D*(Z44)}
i=1

m
< ESq,Sp,SffSt [7711 Z {B(Zq,i) - D*(Zq,i)}z
1 ””ZZlA . _
= Es,s,50 > AD(Zy) = D*(Zy0) ¥
=1
= Bs, sz~ {D(2) - D"(2)}
= Es,s,IID - D3
< Esq,spHﬁ — D*||7ax
= Es,5,D— D)3

_ 28
= 0 (n a+28 Jog? n) .

By Markov’s inequality, (47) holds and the asymptotic normality follows from the classic
central limit theorem. The proof of the theorem is completed. |
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Proof [Proof of Theorem 13] Without loss of generality, we assume C' = ¢ = 1. For any
D € Fgnn specified in the theorem, we have

E,[D(2) - D*(2)P?
By [{D(Z) = D*(2)YL(|Z]|os > logn)] + By [{D(Z) — D*(2)}L(||Z]|oc < logn)]
< AMPE, (| Z]lo0 > logn) + By [{D(Z) — D*(2)Y1(| 2] < logn),

where the second inequality follows from the facts that ||D*|o < M, ||D|lcc < M under
Assumption 5. Since D* € HP(R?, M), D*(2tlogn — lognly) € HP([0,1]%, (2logn) P M)
as a function of ¢, where 14 is the d-dimensional all-one vector. By Lemma 9, there exists
a function ¢y € Frpnn such that

sup  |D*(2tlogn —lognly) — ¢o| < 18(2logn)PIM (18] + I)QdL’BH(ﬂw)/zn_ﬁ,
tE[O,l]d\H315

where Hp 5 = UL, {t = [t1, ... tg) : t; € UBT (b/B — 6,b/B) }, B = [n#%3],6 € (0,1/(3B)].
Thus

sup
z€[—logn,log n]\H .

D*(z) — ¢o <Z+212§21d) ‘ < 18(2logn) I (|8] + 1)2dtﬁj+(6v1)/2nfﬁ7

where I:I%ﬁ = {Qtlogn —logn:te H%’é}. Let ¢o(z) = ¢o (Zglfoggﬁllﬁ € FrnN- As § can

be arbitrarily small, it then follows from similar lines as in the proof of Theorem 10 that

Ep[{d0(Z) — D (2)}1(|1 2]l < logm)] < 324M2(|5] + 1) 215+ VD 2log n)2 )~ 7555,
Similarly, we can obtain

Ey[{60(2) — D*(2)Y1(||Z]|oo < logn)] < 324M°(|B] + 1)*@ P+ (210g n)?18)p~ 325
Since Dnn € argminpe z o [[D — D*||max, we have

|Dnn — D*I7

Hmax

< H¢0 - D" Hmax
< ]flgf;i{‘lMQEh* (2]l > logn) + En[{¢0(Z) — D*(2)}*1([| Z]|c0 < logn)]}

< 3280M2(| 8] + 1) 28IV (210g )2 L8l ~ 725
Then using Theorem 6 and
€2 < O] +1)°d2P13n % log® n

from the proof of Theorem 10, where C' is a constant depending only on (u, o, M), we can
obtain (16). This proves (16). [ |
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Proof [Proof of Theorem 15| Based on Theorem 3.1 in Baraniuk and Wakin (2009), fix
§ € (0,1) and v € (0,1). Let A = /d/ds®, where ® € R%*? is a random orthogonal
projection with

dyIn (dVRT™1671) In(1/7)
dsy = O .
b 52
If ds~ < d, then with probability at least 1 —~: For every z,y € M,y r
(1 =0)[lz —yll2 < [[Az — Aylla < (1 + 5)[|z — y2.

This result shows that if for § € (0,1),

dygIn (dVRF—15-!
d5:O(Mn( 527 )><<d,

then there exists a linear projection A € R%*? such that AAT = dl,, /ds, where I, € R9%*ds
is an identity matrix, and for any z,y € M,y R,

(1 =0)llz —yll2 < Az — Ayll2 < (1 + 9)[|z — yl2. (48)
Then we have 4
d d g
AM, - CA([0,1]¢) C |-——, —
( P 7V7R) = ([ ] ) = |: \/% \/%:|

Note that for any z € A(M,yR), there exits a unique z € M,y such that z = Ax.
Otherwise, suppose we can find z,2’ € M, yg,z # &’ such that z = Az = Az’, then by
(48), we know ||z —2/||2 = 0 and thus 2 = 2/, which contradicts the assumption that x # '
This uniqueness allows us to define a linear operator SL : A(M;y ) = M,y r such that
A[SL(z)] = z. By (48), we have

(1 =0)[[8L(21) = SL(z2)[l2 < [lz1 — 2z2fl2 < (1 +0)[[SL(21) — SL(22)[2-

This implies that the norm of S£ belongs to [1/(1 + §),1/(1 — ¢)]. For the high-dimensional
function D* : [Oll]d — R whose support is M, - vz, it has a approximate low-dimensional
representation D* as follows:

D*(z) = D*(SL(2)), ¥ 2z € A(MryR).
As D* € HP([0,1]%, M) with 8 = k + a where k € Nt and a € (0,1], we have D* €
HP (A(Mrvr), M/(1—6)P). By the extended version of Whitney’s extension theorem
in Fefferman (2006), since A(M,vr) C A([0,1]9) C [—d/Vds, d/\/%]d‘s, there exists
Dy e HP ([—d/\/cT, d/\/ds)" M/ (1~ 8)") such that Dj; = D* on A(Myyz). 1 W =
38(|8] + 1)2dsP 1+ Llog,(8L)] and D = 21(| 8] + 1)2K [logy(8K)], by the first result of

Lemma 9, there exists a function ¢g implemented by a ReLU network with width W and
depth D such that

~, (2dz—d M _28
o (D (P ) < nte)| < 2 ) e

=€(0,1]%\H,
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where Hg‘iﬁ = Ufil{x = [x1,29,...,245] s 2; € UET' (b/B — €,b/B) }and B = [(KL)¥), e €
(0,1/(3B)]. Thus

sup

Dg(2) -

o (B
z€ [_L L} 6\Hd5 2d
Vi i | Ve

< 18M
- (197

where HY = {(2dt —dlg,)/Vds it € Hgée}'
Let

(LBJ +1) (2d)5dgﬂJ+(Bv1+ﬁ)/2(KL)_%’

do(@) = do (Vs Az + d14,)/(2d))

and
g = {z € 0,11 (dsAz + d14,)/(2d) € HS, }.

It can be easily checked that qBo is also a function implemented by a ReLU network with
the same structure as ¢g, except that the input layer of ¢g has d units, instead of ds
units. For any z € MPJZV,R\‘H:ZB,@ Az € [—d/\ds,d/\/d }d‘s \Hg,‘S and there exists a

2 € My satisfying o —o/lls < p. Since Dy € M2 ([~d/Vds, d/v/dy]) ™, M/(1 - 6)°)
and D* € HA([0,1]¢, M),

90(x) — D" (a) ) ~
[90(z) — Di(Az)| + | Di(Ax) - Di(Aa")| + | Di(Ax') = D*(z)]

) —
) —
uéj\(?)ﬁ(LBJ 1) (Qd)ﬁdLBJ-I-(B\/l_f-g)/ (KL)7% .

18M
g8

(féﬂg)ﬁ(LﬂJ + I)Q(Qd)ﬁdgﬁj‘i‘(ﬁ\/l-l-ﬁ)/?(KL)*

20M

IN

M
WHAIB’ — Azl|s + pM

M~/d
(1—-6)%Vds
%Jr oM d )

(1—6)PVds
_28
+1)%(2d)PalP VIO (R (49)

IN

_28
+1)2(2d)ﬁdg3j+(ﬁ\/1+ﬁ)/2(KL) ds -

IN

p+pM

IN

<

2B

where the last inequality holds when p < (|8] + 1)22Bdﬂ_%d%BH(ﬂ_lﬂ)v(lm (KL) %. As
Dxn € argminpe z o |D — D*||max,

| Dnn — D* < ||¢o — D*

Hmax Hmax

By the result in (49), for I = p or g, it holds
oo - D = [ D~ GPT@)dnt [ D= 6T (a)da
[0,1]\Hp s Hp s

4 2
5(18] +1) (2d)25d5’8V1+36(KL)_£ +(4M§)25 / I*(z)d.

- 400 M2
- (1-09)%

40



DeEEp RELU FEEDFORWARD DRE

As p*(+),q*(-) are the density functions of some measures on [0,1]¢ which are absolutely
continuous w.r.t the Lebesgue measure and € can be arbitrarily small for the given ¢,
Jga_ Io(x)dzx is also arbitrarily small for the given §. Thus we have

*Be

48

400M? (18] + 1)4(2d)25d§V1+3'3(KL)_46

7 o D* 2 < o
H¢0 ||I = (1 _ 5)26
and

IDNN = D* s < Il — D*[7uax

40002
(1—6)28

40002 _48
= — KL) 4.

(1 _5)2,802(67d7 d5)( ) 8
By Corollary 7, there exists a constant C only depending on (u, o, M), such that

Es, s,|D — D*|

(18] + 1)4(2d)2,8d§5v1+35(KL>,%

IN

max

Pdim(F logn N
0y (PERTENEL | by - DR, )

Pdim(Frnn) logn 40002 s
< { n (1—0)%8 C2(B,d,ds)(KL) 4

400M?2C; ( Pdim(FrnN) logn
< (1—0)2% { + Co

<

<

_ 4B
(8.d.ds)(KL) % } (50)

For
W = 114(| 8] + 1)2ds 81+,

d d,
D =21([8] +1)° [nwiw logs, <8n2<daiﬁ>ﬂ ,
and W, D satisfy
d
O(W*D) =0 ((WJ + 1)6d§m+2 ’Vn2(d§i25) logn-D ,

along the derivation of (43), there exists a universal constants C* such that

Pdim(FpnN) logn

—_28
< CH(1B) +1)°d3 P 559 Jog? .
n

Based on the result of (50),
Es,s,|1D — D*|;

max
400M2Cy { Pdi L i
< 200M7Cy [Pdim(Frn)logn | o g g o)k L)
(1—0)28
400M2C

__28 25
- Q—W{C*(LﬁJ+1>9d§mH3n %47 log® n + Ca(B, d, dg)n da”ﬁ}
800M2C1C*
< =0 -7
S Ta—0)% (L8]
800M2ClC*C3(Bvdad5)

__28 3
= n %+28 Jlog® n.

(1—-09)28

__28
+ 1) max {d?;w%, (2d)25d§\/1+35}n %+28 Jog3 n
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This completes the proof of the theorem and (17). |

Lemma 20 The following excess risk decomposition always holds:

() () = {5 (7)) (o). (7))
Under Assumptions 4 and 16, when n > Pdim(FpNN), there exist three constants

C, Cy, Cy, with C,Cy depending only on (u,o, M) and C, depending only on (u, o), such
that

D ; Pdim (A logn
Es, s, {Bw (eD) _ DelgNN By (eD)} < C\/ ( I:i\TN) g ’ (51)
and
D) * Pdim(]-"FNN) log n . .
Bs, s,|D = D", < Co\/ ; +Ce®M inf le? — e

Proof [Proof of Lemma 20| To show (51) is the key step in the proof of this theorem, thus
we focus on the proof of (51). Let

Dy € argmin By, (eD) .
DeFrNN

Then,
o {80 (+7) - i )
B, {Bo () - B ()
< By, {Bo (") - B ( 7)+ By () - B (™)

+ Esys, {By (%) = By (™) }

<2Es, s, { sup \l% (eD) — By (eD) \} ) (52)

DeFrNN

By the symmetrization technique, Talagrand’s lemma, (35) and the fact that || Dl < M
for any D € Fpnn, we can show inequality (51) based on (52). [ |

Proof [Proof of Theorem 17| Theorem 17 is a direct corollary of Lemma 20. We omit the
details here. u

Proof [Proof of Proposition 18] For k = 0,..., K — 2, the densities gx(),qr+1() of the
synthetic data {Zj ;}7_; and {Zg41,;}}_4 satlsfy

qa(t) (I —oap)g*(2) + app*(2) c (1—e™Map+e ™ 1-q
Gea1(t) (1= os1)q*(2) + ap1p*(2) (1 —e Mapp+e M 1 —app
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1
As || fll2= (/5 #2(z)dz)?, then for any density g satisfying g > ¢, || f]|2 = ([z f2(z)dz)? <
1
([z f2(z)g(x)/cdx)? = || fllg/v/c. Using an appropriate Fpxn whose element D satisfies

ID|lse < M, for the direct estimate Dgpg, as log(q*/p*) is only bounded from below by
— My, by Theorem 17, we have

limsup Es, s, || Dsre — D*||l2 < eMCu(u, a,¢1)|R* — Ri|lp-

n—o0

For k=0,1,...,K — 2, as |log{qk(t)/qr+1(t)}| is bounded by M, by Corollary 7, we have

limsup Eg, s, || Dr — Dgll2 = 0.

n—oo

Let Ry 4\ = (I1—ag—1)Ry;+ak—1. As the logarithm of R}, | = (1—ak—1)¢"/p*+ax_1
is also only bounded from below by —M, again, by Theorem 17,

limsup Bs,s,[Dx—1 — D1l < M Cilp,0,e1) | Ry — Ric_1ully
n—oo

= (1-ag-1)e"Culu, 0, c1)[|R* — Ry lp-

Thus
limsup Es, s, | Drre — D*[l2 < > limsup Es, s, || Dy, — D2
= limsup Es, s, ||Drx—1 — Di_1]l2
n—oo
< (L—ag-1)eCu(p,0,e1)||[R* = Riyllp.
This completes the proof of Proposition 18. |

Proof [Proof of (23)] Recall that € ~ TNy(1,1) has a density function:
1 2
¢1N,d(v) = — exp (—U) , for [v| <1,
’ €11 2

where ¢11 = f_ll exp (—’U2/2) dv. Denote the density function of X by ¥x.
For ¢*, the density for the latent variable pair (Y7, X) is

1 [ {y— 2]
o ,2) = ——exp | L ),
€11 L 2 |
Hence, ¢* is expressed by
* 1 [ — 2]
¢ (y.2) = ——exp [Ny ),
Cq*.d L 2 ]
where ¢4+ g = f[alm]xx exp [—{y — fo(2)}?/2] ¢¥x (z)dydz. Similarly,
. 1 - —1}2
p*(y,x) = ——exp Ay holo) 1) vx (),
Cp*,d 2
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where ¢+ g = ﬁa17a2}xx exp [—{y — fo(z) — 1}?/2] ¢x (x)dydz. Then,
{y— fo
* o q*(y,55> o c*d Xp[ :|¢X( )
Dily,2) =log 0 2y = log | {v—Jo(x) 132
v o [
o ()2
| exp [_{y fg( )} } N ( . d>
= log og
exp [7 {y—fo(v"?)_l}ﬁ Cqx.d
Cp+
= fol@)—y+3 +1g<p d>-
Cq*.d
Hence, (23) is proved. |

Appendix B. Examples of Holder function class

Let p* be the density function of a truncated d-dimensional multivariate Gaussian with
mean zero and covariance matrix Y, € R¥? in [0, 1]%. That means

Z’Zp_lz
il S (5,) Y5 e oy
p*(Z) =< o ¢ :/ eXp | ——F— , 2 € ) .
c(Xp) g [0,1]4 2
Similarly, let
( Z’Eq_lz)
exp ( ——
()= —5—
c(Xq)
for some positive definite matrix ¥,. For any matrix A € Réxd, Aj;.. is the ith row of A for
i=1,2,...,d and
[All2,00 :== sup [|Az]]2.
lzllc<1
Then,
* q*(z) 1 — — d
D*(z) = log (o) = §z'(2p T 2, Dz +log(e(3,) — c(%y)), z € [0,1)%
Let

1 _ _ _ _ .
M = max {2<||zp V213 o+ 15521 00) + 1 ogle(,) — e Z L (S5 = S5 i llzvi = 1,2, ...

It is straightforward to check that
D* € H2([0,1]¢, M).

It implies the Holder smoothness parameter 5 is 2 for this example.
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Moreover, the truncated multivariate Gaussian distributions considered above are spe-
cial cases of the exponential distribution class defined below. Define the density function
class

Exp(8, B) := {p(Z) = exp(g(2))/cq : 2 € [0,1]% ¢g = /

exp(g(t))dt, g € HP([0,1]¢, B)} .
[0,1]¢

Suppose that 3 € R4 is positive definite and let g(z) = 2/$z/2. Then, g € H2([0, 1]¢, My,),
where My = max{%(HEl/QH%’oo, 15i 2.t =1,2,....d}. If p*,¢* € Exp(B, B), we have
D*(z) = loglg*(2)/p*(2)] € HP([0,1]%,4B).
Appendix C. Examples of random variables satisfying Assumption 12
Let Z = (Zy,Za,...,2Zq). If Z; is a sub-Gaussian variable with mean 0, there exists o; > 0
such that

+2

P(|Zi] >t) <2 > forallt>0.

Then, by Bonferroni’s inequality, for any fixed d and 8 < oo,

77777

As a result, Assumption 12 holds for the multivariate sub-Gaussian distribution. The
famous multivariate sub-Gaussian distribution is the multivariate normal distribution.

In addition, it can be proved that sub-exponential variables also satisfy Assumption 12.
When Z; is a sub-exponential variable with mean 0, by Theorem 2.13 of Wainwright (2019),
there exist ¢;1 and ¢;2 such that

P(|ZZ| > t) < Cile_clgt for all ¢ > 0.

Then for Z = (Z1, Zs, ..., Z3), by Bonferroni’s inequality again,

d d
logn } 4 _ 28
2] > ——2" b < (S | nt < (S | 0o,
{” ”oo - min_i,__qci <i:1 zl) = 71

for any fixed d and 8 < co. Examples of sub-exponential variables include the exponential
random variable and y?-random variable etc.

Appendix D. Extension to sparse neural networks

In this section, we extend our main results: Theorems 6 & 10, to the cases when the neural
networks are sparse as considered by Schmidt-Hieber (2020). We first define the neural
network: For D € N and d = (dy, ...,dpy1) € NP2 with dy = d,

fg,d = {f g ADO'UDAD—IUUD,l s Alaleoa: cA; € RdHlei,’Z}i S Rdi,i =0,... ,D},
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where 0,(t) := o(t — v) and o(t) = max{t,0} is applied componentwisely. Then, for
seN,M >0,D €N, and d € NP+2_ define

D

S
Hoasar =14 €Fpa: Y I4jllg+ llvjlly < s, max 4]l V[ville < 1 l1flle < M,
‘7:0 AR

where || A}, |lvjll, denote the numbers of non-zero entries of A; and v;, respectively, and
1451 s [lvjll o, represent the maximums of the absolute entries of A; and v;, respectively.

The condition Z?:o | Ajllg+ llvjlly < s implies that the total number of nonzero param-
eters in the neural network is bounded by s. It implies that the majority of the weights in
the network are zero, corresponding to a sparse structure. In other words, the sparsity of a
neural network is enforced by regulating the number of nonzero parameters to be less than
the specified value s.

Denote

1)1 D+1)V
n DeHpa,s,m

where V := H?;Bl (dj +1).

Theorem 21 Suppose Assumptions 4 and 5 hold. If Fy, in (5) is replaced by Hp d s m»
there exists a constant C depending on (u, 0, M) such that for any v > 0, with probability
at least 1 — exp(—7),

1D = Dl < € (850 + 1Dfs = Dl +/2).

and
~ . . 5
HD -D an,nq < 2C (§S,n + HD§N -D Hmax + \/2) .

Proof With sparse neural networks, the proof of is structurally similar to those for Theorem
6 except for a main difference in (35). Specifically, (35) will be replaced by the fact that,
when ro > 1/n,

~ D* 1)1 D+1
EyRn {(D—-D"): D¢ ~7:1D ’QTO} < 647‘0\/(8Jr ) 1og (n(D + )V), I=np,q. (54)

n

In the following, we will focus on proving (54). Recall ]:'ID*’T ={D € Hpaswm,|D —
D*||1n, < r}. Using Dudley’s Chaining in Lemma 26 and the covering entropy bound in
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Lemma 27, we have

2rg
[ s 6 Hpann I ||z,n,>d6}

0<a<2rg

i 12 o N (6 5
S

IN

IN

inf

12 21”0
4o + / \/logf\/(5, Hp,d,ss || - Hoo)dfs}

2ro
< inf 4a+/ \/(8+1)log (25—1(L+1)V2)d(5}

32r9+/(s + 1) log (2n(D + 1)V2/rq)

<

where the last inequality follows from a specific choice & = 2rg/n and n < n;. When
ro > 1/n, we have

32r0+/(s +1)log 2n(D + 1)V2/ro)  _ 32r0+/(s +1)log (2n*(D + 1)V?)

Vn - N
< 64791/ (s + 1) log (n(D + 1)V)
J— \/ﬁ .
This finishes the proof of (54). The rest of the proof is the same as those for Theorem 6
and we omit them to avoid repeated discussions. |

Theorem 22 (Non-asymptotic error bound for D using sparse neural networks)
Suppose that Assumptions 4 and 5 hold, D* € HP([0,1]%, M) with B = k + a where k € Nt
and a € (0,1], and F,, in (5) is replaced by Hp a,s m which satisfies

D =8+ ([logn] +5) (1 + [logy(d v B)]),

d=(do,...,dpy1) € NP2 dy=d, dj = 6(d+[B))[no(n, 8,d)], i =1,2,...,D,dpy1 = 1,

and
s =141(d + B+ 1)**[ne(n, B,d)]([log n] + 6),

where ¢p(n, B,d) = n=28/C6+d) - Then,

faN B
g, 5,|D — D*|2as < CoC1(B,d, M)n™ 77 log? n,

max

where the constant Cy depends only on (u, o, M) and
Cy(B,d, M) = max{(d + B+ 1) 16(2M + 1)% (1 + d® + 52)° 624, 4232827},
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Proof [Proof of Theorem 22| Similar to Corollary 7, under the conditions of Theorem 21,
there exists a constant Cp depending only on (u, o, M), such that,

ESp7SqHD D ||max S CO (£Sn + ||DNN - D*Hmax) . (55)

An upper bound for £2 Sn: By the expression of g, and the network structure in the
theorem, we have

(s+1)log (n(D+1)V)

& = .
_ {141(d + B + 1)>*[ne(n, B,d)]([logn] + 6) + 1} log (n(D + 1)V)
< 4512(d + B+ 1)3p(n, B,d) log (n(D + 1)V)
= 4512(d + B+ 1)*"p(n, B,d) log (2n(d + 1)(D + 1)(6(d + [8])[ne(n, B,d)] + 1)P)

< C(d+B+1)g(n, b, d) log® n
C(d + B + 1)6+dn—2,8/(2[3+d) 10g2 n

where C' is an absolute constant. ~
An upper bound for HDT\?N — D*|lmax: By Lemma 28, there exists D € Hp q,sm such
that

1D — Dl

sl

< (M +1) (1 +d® + B%) 6%ne(n, B,d)] /n + M3°([np(n, 8,d)])~
< 2max{2(2M +1) (1 + d* + 5?) 64, M3P2— 7 =B/ 28+d),
By the definition of DYy in (53), we know that

IDRx = D¥llmax < [|1D = D*||max
< [[D-D"
< 2max{2(2M +1) (1 +d* + %) 67, M3Po— % =B/ (28+d)

Combining the upper bounds for ¢%, and | DRx — D*||max and using (55), we have that
there exists an absolute constant C' such that

ES;nSqHD - D*HIZnax < CO (fé,n + HDIASTN - D*H?nax)
< CyCCy(B,d, M>n72f3/(2,8+d) log? n,

where
Cy(B,d, M) = max{(d+ B+ 1)°T 16(2M + 1)% (1 + d + 8%)7 62, 4M23282- 7.

This completes the proof of Theorem 22. |

We apply Theorem 21 to the setups of Kato and Teshima (2021) and Kato et al. (2023),
that is D* € F, = Hp.a,s,u and Hp g, is fixed. Similar to Corollary 19, we can show
that ||R — R*||, = Op(y/logn/n) = O, (n=Y/@+) for any a > 0, which does not require
the assumption that ¢ < 2 as in Theorem 2 in Kato and Teshima (2021) and Theorem 3.7
in Kato et al. (2023). Based on this result, similar to Theorem 11, we can establish the
following corollary.
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Corollary 23 Suppose that D* € F,, = Hpasm and Hpdas v 5 fived. Let m = n® for
any 0 < b < 1. Then, for the independent data-based KL divergence estimator KLy, (q*||p*)
defined in (15), it holds that

Vi (KL(a'llp*) = KL(*|[p")) = N(0,0?)
in distribution, where 0 = EpD*%(Z) — ES*D*(Z).

Since v/m = (y/n)® and b can be arbitrarily close to 1, Corollary 23 provides a nearly
v/n-asymptotic normality which does not depend on the unknown parameters.

Appendix E. Supporting lemmas

We first show the following lemmas.

Lemma 24 1. If the convex function f : R — R is p-smooth over R, then for any
xz,y € R, the following inequality holds

F) < f@) + @)y —2)+ Sy —2)*

2. Let f : R — R be a first-order differentiable and convex function. If f is o-strongly
convex, then for any z,y € R, the following inequality holds

) = f@) + f @)y —2)+ Sy - 2)*

Proof [Proof of Lemma 24| The proof of Lemma 24 is standard and can be found in Beck
(2017). n

Lemma 25 Under Assumptions 4-5, we have

(a). There exist two constants co = oe M /2, Cy = ue3™ /2, such that
0l D = D* 2 < By (¢P) = By (7)),

and

By (¢”) = By (eD*) < Col|D = Do
(b). Forty,ta € [—M, M], there exist two constants Cy,Ca, such that
[£1(t1) = La(t2)] < Cultr — 1o,

and
|L2(t1) — La(t2)| < Caltr — ta].

Actually, we can take Cy = 2™, Cy = eMp.
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Proof [Proof of Lemma 25| (a) Recall from (1) that Ay (z,y) = ¢(z) —¢(y) —¢'(z)(z —y).
Since EpAy(eP@) eP"(2)) = B, (eP) — By(eP") and ¢ is p-smooth and o-strongly convex,
by Lemma 24,

%Ep*{eD(Z) — D N2 < Ep*Aw(eD(Z)’eD*(Z)) < %Ep*{eD(Z) _ eD*(Z)}Q’

and then by Assumption 5,

O'€72M

2

M

By AD(2) ~ DD < By (PO, eP" D) < B2 (D(2) - D (2))2. (56)

As By {D(Z) — D*(2)}? = Epe P"O{D(Z) — D*(Z)}? and |D*||x < M, we have
e ME{D(Z) - D*(2)}? < Ep{D(Z) = D*(2)}* < ME{D(Z) - D*(Z)}*.  (57)
Let co = 0e™3M /2, Cy = pe3™ /2, then (56) and (57) imply that
01D = D" P < By (¢P) = By (7)< CollD = DB

(b) Obviously, for t1,ty € [—M, M],

[L1(t) = La(ta)| = [/ (eM)el = p(e™) — (v/(e")e" — (e))]

< () — ()] (E) — p(e) — () — )
S GMH’€t1—€t2‘+g|etl—€t2’2
< 2eMplett —ef2| (As |eft —e'2| < 2¢M)
< 2e*Mplty — ty,
and
La(t1) = La(t2)] = [¢'(e") — /(")
< plett — e
< eMulty —tof.
The proof of the lemma is completed. |
For a given sequence z = (21,...,%y,) € 2™ and a function class F on Z, let F|, =
{(f(z1),...,f(z2m) : f € F} be the subset of R™. For any § > 0, N (4, F|,,00) denotes
the covering number of F|, under the norm || - || with radius 6. Recall that the definition
of Rademacher given a function class F and z = (z1,...,2y) is defined by E,R,,(F;z),
where n = (11,...,nm) is a sequence of i.i.d. Rademacher random variables and

1 m
R, (F;z) =sup — i f(25)-
(i) =swp 003 f (e
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Lemma 26 (Dudley’s Chaining, Lemma 3 of Farrell et al. (2021)) Let N (6, F, || - |lm)
denote the covering number for class F with radius 6 and metric || - ||m, where || f|lm =

{A/m)>>", f2(2i)}1/2 for any f € F, then

Ean({f:fef, Hf”mg""}az) <

) 12 ("
nt faas 22 [ Vg NG FT T |
Furthermore, since N (0, F, || - [|m) < N(0, F|., ), the upper bound also holds with N'(8, F|., 00).

Lemma 27 (Lemma 5 in Schmidt-Hieber (2020)) ForD € N andd = (dy,...,dp+1) €
NP+2 Jet V = [[24 (dj + 1). Then for any § > 0,

7=0
log N (8, Hp,d,s s | - lloe) < (s+ 1)log (26~ H(D + 1)V?),
where N (0, F,|| - |loo) denotes the covering number for class F with radius 6 and metric

Lemma 28 (Theorem 5 of Schmidt-Hieber (2020)) For any function f € H5([0,1]¢, M)
and any integers m > 1 and N > (B+1)4V (M + 1)e?, there exists a network f € Hp a.s.m
with depth
D=8+ (m+5)(1+ [logy(dVB)]),
widths
d=(dy,...,dps1) e NP2 dy=d, di=6(d+ [B)N, i=1,2,...,D,dps1 =1,
and number of parameters
s < 141(d + B+ 1)*TIN (m + 6),

such that B 5

If = fllo < (2M +1) (1 +d* + %) 6°N2™™ + K3°N~a.

The following lemma is from Theorem 2.1 of Bartlett et al. (2005) and also can be found
in Lemma 5 of Farrell et al. (2021).

Lemma 29 (Theorem 2.1 of Bartlett et al. (2005)) Let F be a class of functions on
Z and {Z;}7* be independent random variables distributed according to a probability mea-
sure P on Z. Assume that there are some B,C > 0 such that for every f € F,| flloc <
B,Var [f (Z;)] < C. For every t > 0, with probability at least 1 — e,

1 — [2Ct 4Bt
Ez pf(Z)—— Zi) ¢ <3ER,(F;{Z;}* —_—+ —.
JS‘IEIE{ z~Pf(Z) m;f( 1)}_ m(Fi{Zi}iti) + n + 3n
Lemma 30 (Bernstein’s inequality) Let Zi,...,Z,, ~ Z be i.i.d. random variables

bounded in the interval [—c,c| for ¢ > 0. Then, for any ¢ € [0, 1], with probability at least
1-0,

S N Zi—EZ < —log(1/6) + \/2(Var Z)1og(1/0)
m = 3m m

Lemma 31 (Theorem 6 of Bartlett et al. (2019)) For a ReLU network F with a total
number of parameters S and depth D, there exists two universal constants ¢,C > 0 such
that

c¢SDlog(S/D) < Pdim(F) < CSDlogS.
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Appendix F. Discussions on the proof comparison with those of Theorem
2 of Kato and Teshima (2021)

To employ the error decomposition for the proof of Theorem 2 on page 16 of the supple-
mentary material in Kato and Teshima (2021), we set the correction factor C in Kato and
Teshima (2021), which is denoted by C,,, in our manuscript, as 0. Following the error
decomposition result in Kato and Teshima (2021), we have

B (") =8 (<)
= (Bp — Ea, {L1(D) = L1(D")} + (Ey — En,){L2(D) - La2(D")}
+ B, {L1(DxN) = L1(D7)} + Eng{L2(DnN) — L£2(D7)}- (58)

Note that the error decomposition result for the proof of Theorem 2 with C' = 0 in Kato and
Teshima (2021) is a special case of (58) with D* € F,,. If D* € F,,, then D* = Dyn and the
approximation error term E, {£1(Dxn) — £1(D*)} + Ep {L2(DxN) — L2(D*)} = 0. This
tells that there is no need to consider the approximation error when D* € F,,. However,
in the setup of Theorem 6 in this paper, D* is a general function and D* ¢ F,, in general.
This will lead to D* # Dnn and Ej, {£1(Dxn) — L1(D*)} + Ep {L2(Dxn) — L2(D*)} # 0.

Note that the error decomposition inequality (58) is the same as the one for Theorem
6, which is (25) in the paper. Hence, except for the approximation error terms, another
main difference between the proof of Theorem 2 in Kato and Teshima (2021) and those for
Theorem 6 is how to deal with the stochastic error

A= (Ep — B, {L1(D) = L1(D")} + (Ey = En,){L2(D) = La2(D")}.

Following the proof of Theorem 2 in Kato and Teshima (2021), we know that A is bounded
by
A< Aps iy, + Agengs (59)

where

Aptiny = |(Bpe — En, ){L1(D) — L1(D*)}],

and
Agng = |(Eq = En ){L2(D) — Lo(D*)}|.

In what follows, it suffices to bound A+ ,, and Ay 5, , separately. However, we will explain
why we cannot follow the steps in the proof of Theorem 2 on page 17 of the supplementary
material in Kato and Teshima (2021), under the setup of Theorem 6.

The steps to bound Ay« ,, and Ay« 5, in Kato and Teshima (2021) involve the applica-
tions of their Lemmas 9, 10, 11 (Lemma 5.14 in van de Geer (2000)). Among them, their
Lemmas 10 and 11 are for asymptotic analysis, while the proof for Theorem 6 should be in
a non-asymptotic sense. And their Lemmas 9 and 11 requires the hypothesis function class,
which is Frnn in this paper, to be fixed and satisfy a condition on the bracketing entropy
Hp (6, Fenns || - | £2( p)) under Lo norm with respect to the underlying probability measure.
That is, for any 0 < v < 2,

1\”
Hp (5, FENN, || - HL2(P)) =log Np (57 FFNN, || - HL2(P)) =0 (5) , forall 6>0. (60)
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Regarding the definition of the bracketing number N (8, Fpnn, || - || £2( p)), we refer to Def-
inition 2.1.6 of van der Vaart and Wellner (1996) or Definition 2.2 of van de Geer (2000).
When Frny is a fixed ReLLU network satisfying the structure proposed by Schmidt-Hieber
(2020) (that is Fpnn does not change as the training sample size n increases and its weights
are bounded by a constant 1 and sparse), Kato and Teshima (2021) showed that the brack-
eting entropy condition (60) holds by Lemma 5 in Schmidt-Hieber (2020) and they proved
their Theorem 2 under such a network structure.

In contrast, Theorem 6 in this work only assumes that Frnn is a feedforward and fully
connected ReLU network with a pseudo dimension Pdim(Fpnn). So Fpnn in our Theorem
6 can depend on the training sample size n and no boundedness condition on its weights is
imposed, thus Lemma 5 of Schmidt-Hieber (2020) is not applicable. It is known that the
pseudo dimension is equal to the VC dimension for feedforward ReLU network (Theorem
14.1 of Anthony and Bartlett (1999)). Although some results, such as Corollary 1 of Adams
and Nobel (2010), demonstrate that under certain conditions, the finite VC dimension of
FrnN implies that the bracketing number Np (5, FENN, || - ||L2(P)) < oo for all § > 0, the
stringent bracketing entropy condition (60) cannot hold for general Frnn.

In view of this, we summarize that the proof of Theorem 2 in Kato and Teshima (2021)
can not be directly adapted to prove Theorem 6 in this paper. However, we still can bound
Aps i, and Ags , using the symmetrization technique, Talagrand’s lemma, the inequality
(35) in the paper and the fact that ||D||oc < M for any D € FpnN, which result in

Pdim (A logn Pdim (A logn
Ap*,npSCO\/ (Frnn) log , Ap*,npSCo\/ (Frnn) log ’ (61)

n n

for some positive constant Cy, when n > Pdim(FpNyn). Combining (59) and (61), it holds

A < 200\/Pd1m(FFNN) logn.
n

Following the proof of Theorem 17 in the paper, we have that

~ . Pdim(Fpnn) logn . *
ESP»SqHD - D H12nax < C (\/ n + DEI%ENN HD -D ”?nax : (62)

However, in our proof of Theorem 6, we handle two interactive empirical processes w.r.t the
two involved samples carefully through a novel localization technique, and we do not bound
the approximation error and stochastic error separately. We use the localization technique
to directly bound || D — D*||mayx and Theorem 6 and its corollary (Corollary 7) in the paper

show that
~ Pdim(A logn . .
Es, s,|D — D*|12 sc( Frxw)logn - ¢ 1p_p ||?nax),

max n DG]'—FNN

which is faster than the rate in (62).

Appendix G. Implementation details

In all experiments, we apply the Adam optimizer (Kingma and Ba, 2014) in Pytorch with
a learning rate Ir and a weight decay parameter wd. All experiments are conducted on a
laptop with an Intel(R) Core(TM) i7-8750H @ 2.20GHz CPU having 6 cores.
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G.1 Implementation details for subsection 5.1

For Model (TN), we use a FNN with widths (128,128, 128) and the testing MSE is computed
in the following way: For the estimated log density-ratio D, we generate 5000 data points
{Z} ;}720 from p* and calculate

5000 (7t 2

. N q*(Z )

MSE(D) = —— D(Zt ) —1 P .
( ) 5000 i=1 { ( p’l) ng*(zzii)}

In this simulation, Ir = 0.001 and wd = 0. The maximum number of epochs is 50 and the
batch size is n/5.

As for Model (NI), the testing MSE is computed as below: For the estimated log density-
ratio D, we generate {Z;i}?g{o from p* and {Z;J-}?g{o from ¢*, respectively, and calculate

5000

— 1

NSE(D) = coo > {(D(Zh) — D(Z) — (D°(Zh) - D'z, )} (6
=1

where D*(z) = fo(x) —y. The rationale to employ such an evaluation metric lies in the
non-analytical nature of ¢ in (23), which introduces additional errors that are challenging to
control when numerical integration is used to approximate c. Using (63), there is no need
to estimate the constant c. Since D*(z1) — D*(29) = D*(21) — D*(29) for any z; = (y1, 1)
and z3 = (y2,x2) by (23), @(f)) in (63) is an estimate of

MSEy (D) = Ez,p+ zymng |(D(Z1) — D(Z3)) — (D*(Z1) — D*(Z2))|?,

and upholds the property MSE, ,(D) < 4D — D*||2,,,. As a result, the rate in Theo-
rem 10 also holds for MSE,, (D) with a different prefactor constant. We use a FNN with
larger width corresponding to the increasing training sample size n, aligning with the net-
work structure conditions outlined in Theorem 10. Specifically, we use a FNN with widths

(w(n),w(n),w(n)) specified in Table 8.

Table 8: The w(n) for Model (NI).

n | 100 500 1000 5000 10000 100000
wn) | 16 24 32 48 64 128

In this simulation, Ir decreases as n increases, with a starting value 0.001, and wd = 0.
The maximum number of epochs is 150 and the batch size is n/5.

As for the simulations to verify Theorem 13, the maximum number of epochs is 150, the
batch size is n/5 and wd = 0. The learning rate Ir decreases as n increases, with a starting
value 0.0003 when X follows normal distribution, and 0.0005 when X is Student-t(2). We
use a FNN with widths (w(n), w(n), w(n)) with w(n) specified in Table 9.
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Table 9: The w(n) for simulations to verify Theorem 13.

n [ 100 500 1000 5000 10000 100000
wh) | 8 12 16 24 32 64

G.2 Implementation details for subsection 5.2

We apply the Adam optimizer (Kingma and Ba, 2014) in Pytorch with a learning rate
Ir = 0.001 and a weight decay parameter wd = 0.0001. A neural network with 2 hidden
layers with widths (32, 32) and the ReLU as its activation function, is used in the experiment.
The maximum number of epochs is 400. In this experiment, the training data sample size
n is 5000 or 10000. A validation data with sample size 1000 is used. The batch size is
500, and an early-stopping technique is applied with patience = 30, where patience is the
number of epochs until termination if no improvement is made on the validation dataset.

G.3 Implementation details for subsection 5.3

We wish to highlight that Proposition 18 is an asymptotic result, valid under the condition
that the training sample size approaches infinity. In such a case, all intermediate density
ratios will be estimated accurately, except the last density ratio R}, , = qx—1/p*, where
grk—1 = (1 — ag_1)¢* + ax_1p*. To isolate the impact of (1 — ag_1) and ensure accurate
simulation, we presume the knowledge of ¢*/qx—1, which is equivalent to assuming that
all intermediate density ratios R,k =0,1,..., K — 2 are known, where g, = (1 — ay,)¢* +
ap* k=0,1,..., K—2and 0 = ag < a1 < -+ < ag_1 < ag = 1. Subsequently, we
employ the proposed methodology to estimate R}, _; and denoted the estimate by Ri_1. To
evaluate the estimation error, we generate 2000 data points {Z, ;}2°%° from Uniform([0, 1]¢)
and calculate the mean squared error (MSE) for the ideal TRE using a1 as:

2000 2

MSE(ax 1) = 550 Ri(Zui) ¢ Rx—1(Zui) — 0 (Zas)
i—1 L k=0 ot

An FNN with widths (256, 256, 256), Ir = 0.01 and wd = 0 are used in this experiment. The
maximum number of epochs is 500 and the batch size is n/5.

G.4 Implementation details for subsection 5.4

In this simulation study, we apply a learning rate Ir = 0.0001 and a weight decay parameter
wd = 0.0001. A neural network with 2 hidden layers with widths (64,64) and ReLU
activation function, is used in the experiment. The maximum number of epochs is 20000.
In this experiment, the training data size n is 5000 (10000). A validation data is used. The
batch size is 500 (1000), and an early-stopping technique is applied with patience = 100
for Beta setting and patience = 1000 for Normal setting, where patience is the number of
epochs until termination if no improvement is made on the validation dataset. We use the
LR-Bregman divergence in this example. For the sequence 0 = ag < a1 < --- < ag_1 <
ax =1, we use the linearly spaced «y’s, that is ap = k/K, k=0,1,2,..., K.
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G.5 Analysis on the MNIST dataset

In this study, the batch size is 512, Ir = 0.001 and wd = 0.0001. The maximum number of
epochs is 1000. Table 10 contains the specification of the network architectures we adopt
for the proposed chain. In this part, the comparison criteria is the average negative log-
likelihood (ANLL) in bits per dimension, which is calculated as below. Suppose we have
i.i.d training data {Z,; };Lil and testing data {Z; ;}7*, which have an unknown density ¢*
on Z C RY. For an reference distribution, it has a known density p* on Z, e.g. Z = R% and
the standard Gaussian distribution, and can conveniently generate i.i.d. samples {Z, ; }?i 1

Nq

Suppose we have an estimate D of log density ratio log(q*/p*) based on {Z4,5};2, and
{Zy;};21- The ANLL on {Z;;}7“, is calculated by

1 &, a .
ANLL = — | — > {D(Zus) +logp*(Zua)} | /d, (64)
=1
which essentially is an estimate of —E,+ log ¢*(Z)/d.
The reference distribution for our mTRE is taken to be the standard Gaussian distri-
bution. Here, the reference distribution is the same as the noise distribution in the MNIST
experiments of (Rhodes et al., 2020).

Table 10: Architecture for mTRE

Layers Details Output size
Convolution 3 x 3 Conv 12 x 28 x 28
Transition Layer 1 BN, ReLU, 2 x 2 Average Pool,1 x 1 Conv 12 x 14 x 14
Dense Block 1 BN, 1 x 1 Conv, BN, 3 x 3 Conv 24 x 14 x 14
Transition Layer 1 BN, ReLU, 2 x 2 Average Pool,1 x 1 Conv 12 x 7 x 7
Dense Block 1 BN, 1 x 1 Conv, BN, 3 x 3 Conv 24 x T x 7
Pooling BN, ReLU, 7 x 7 Average Pool, Reshape 24
Fully connected Linear 1
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