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Abstract

This paper studies the use of a machine learning-based estimator as a control
variate for mitigating the variance of Monte Carlo sampling. Specifically, we
seek to uncover the key factors that influence the efficiency of control variates
in reducing variance. We examine a prototype estimation problem that involves
simulating the moments of a Sobolev function based on observations obtained from
(random) quadrature nodes. Firstly, we establish an information-theoretic lower
bound for the problem. We then study a specific quadrature rule that employs a
nonparametric regression-adjusted control variate to reduce the variance of the
Monte Carlo simulation. We demonstrate that this kind of quadrature rule can
improve the Monte Carlo rate and achieve the minimax optimal rate under a
sufficient smoothness assumption. Due to the Sobolev Embedding Theorem, the
sufficient smoothness assumption eliminates the existence of rare and extreme
events. Finally, we show that, in the presence of rare and extreme events, a
truncated version of the Monte Carlo algorithm can achieve the minimax optimal
rate while the control variate cannot improve the convergence rate.

1 Introduction

In this paper, we consider a nonparametric quadrature rule on (random) quadrature points based on
regression-adjusted control variate [[1} 2, 3| [4]. To construct the quadrature rule, we partition our
available data into two halves. The first half is used to construct a nonparametric estimator, which is
then utilized as a control variate to reduce the variance of the Monte Carlo algorithm implemented
over the second half of our data. Traditional and well-known results [1, Chapter 5.2] show that the
optimal linear control variate can be obtained via Ordinary Least Squares regression. In this paper,
we investigate a similar idea for constructing a quadrature rule [3 5,16} [7, I8, 9} [10], which uses a
non-parametric machine learning-based estimator as a regression-adjusted control variate. We aim to
answer the following two questions:

Is using optimal nonparametric machine learning algorithms to construct
control variates an optimal way to improve Monte Carlo methods? What are the
factors that determine the effectiveness of the control variate?
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Figure 1: According to the Sobolev Embedding Theorem [11], the Sobolev space W *P can be
embedded in L”*, where 2% = % — %. When s is large enough, as shown in (a), the smoothness
assumption can rule out the existence of rare and extreme events. When s is not sufficiently large,
specifically s < %, there may exist a peak (a.k.a rare and extreme event) that makes the Monte

Carlo simulation hard. Under such circumstances, the function’s 2¢g-th moment is unbounded.

To understand the two questions, we consider a basic but fundamental prototype problem of estimating
moments of a Sobolev function from its values observed on (random) quadrature nodes, which has
a wide range of applications in Bayesian inference, the study of complex systems, computational
physics, and financial risk management [1]]. Specifically, we estimate the g-th moment fQ f(x)idx
of f based on values f(x1),-- -, f(x,) observed on n (random) quadrature nodes x1,- -+ ,x, € Q
for a function f in the Sobolev space WP (), where Q C R?. The parameter g here is introduced
to characterize the rare events’ extremeness for estimation. To verify the effectiveness of the non-
parametric regression adjusted quadrature rule, we first study the statistical limit of the problem by

s 1
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providing a minimax information-theoretic lower bound of magnitude n™*{(z ~@)a=1=3—2

We also provide matching upper bounds for different levels of function smoothness. Under the

sufficient smoothness assumption that s > %, we find that the non-parametric regression

adjusted control variate f can improve the rate of classical Monte Carlo algorithm and help us attain
a minimax optimal upper bound. In below, we bound variance fQ( fi- f )2 of the Monte
Carlo target by the sum of the semi-parametric influence part fQ fPa2(f — f )2 and the propagated
estimation error fQ( f- f )24. Although the optimal algorithm in this regime remains the same, we

need to consider three different cases to derive an upper bound on the semi-parametric influence part,
which is the main contribution of our proof. We propose a new proof technique that embeds the

square of the influence function (¢f9~1)? and estimation error ( f — f )2 in appropriate spaces via
the Sobolev Embedding Theorem [11]]. The two norms used for evaluating (f¢~1)2 and (f — f)?

should be dual norms of each other. Also, we should select the norm for evaluating (f — f )2ina
way that it’s easy to estimate f under the selected norm, which helps us control the error induced by

(f - f )2. A detailed explanation of how to select the proper norms in different cases via the Sobolev
Embedding Theorem is exhibited in Figure In the first regime when s > %, we can directly embed

fin L°° () and attain a final convergence rate of magnitude n~4~2. For the second regime when
zgg:g% <s< %, the smoothness parameter s is not large enough to ensure that f € L*°(€2). Thus,
we evaluate the estimation error (f — f )2 under the L% norm and embed the square of the influence
function (¢f9~1)? in the dual space of L (Q). Here the validity of such embedding is ensured by
the lower bound Zgg:é’g on s. Moreover, the semi-parametric influence part is still dominant in
the second regime, so the final convergence rate is the same as that of the first case. In the third

regime, when % <s< igg:gg, the semi-parametric influence no longer dominates and the

: —s_1 1_sy_
final converge rate transits from n~4~2 to ndG i)t

When the sufficient smoothness assumption breaks, i.e. s <

%, according to the Sobolev

d
Embedding Theorem [[L1]], the Sobolev space W*? is embedded in L7% and dii 5 < 2q. This
indicates that rare and extreme events might be present, and they are not even guaranteed to have
bounded L?? norm, which makes the Monte Carlo estimate of the g-th moment have infinite variance.

Under this scenario, we consider a truncated version of the Monte Carlo algorithm, which can
1 S)_
be proved to attain the minimax optimal rate ofzmagnitude n?%~3)~! In contrast, the usage of



regression-adjusted control variates does not improve the convergence rate under this scenario. Our
results reveal how the existence of rare events will change answers to the questions raised at the
beginning of the section.

We also use the estimation of a linear functional as an example to investigate the algorithm’s adaptivity
to the noise level. In this paper, we provide minimax lower bounds for estimating the integral of a
fixed function with a general assumption on the noise level. Specifically, we consider all estimators
that have access to observations {z;, f(x;) + €;}_; of some function f that is s-Holder smooth,
where z; &' Uniform([0, 1]9) and ¢; ES) n~ 7N (0, 1) for some v > 0. Based on the method of two
fuzzy hypotheses, we present a lower bound of magnitude nma{=3-7%-3-3} which exhibits a
smooth transition from the Monte Carlo rate to the Quasi-Monte Carlo rate. At the same time, our
information-theoretic lower bound also matches the upper bound built for quadrature rules taking use
of non-parametric regression-adjusted control variates.

1.1 Related Work

Regression-Adjusted Control Variate The control variate method is a technique used for variance
reduction in Monte-Carlo simulation. Consider the task of estimating the expectation EX for some
random variable X. The idea of control variate method is to introduce another random variable Y
correlated with the random variable X, such that the random variable X — Y has smaller variance
than X. Since EX = E[X — Y|+ E[Y] and E[Y] is deterministic, one may obtain a variance reduced
estimator of E[X] by summing up E[Y] and an empirical estimate of E[X — Y]. Such a random
variable Y is called a control variate. Regression-adjusted control variate, in particular, refers to the
case when Y is obtained by applying regression methods to observed data samples of X.

Regression-adjusted control variates have shown both theoretical and empirical improvements in a
wide range of applications, including the construction of confidence intervals [[12} [13], randomized
trace-estimation [14}[15]], dimension reduction [16], causal inference [17], light transport simulation
[[L8]], MCMC simulation [19], estimation of the normalizing factor [10] and gradient estimation
[20, 21]]. It is also used as a technique for proving the approximation bounds on two-layer neural
networks in the Barron space [22].

Regarding literature most related to our work, we mention [3, 7,18, [10]], which also study the theoretical
properties of nonparametric control variate estimator. However, the theoretical analysis in 3| [7]] does
not provide a specific convergence rate in the Reproducing Kernel Hilbert Space, which requires a
high level of smoothness for the underlying function. In contrast to prior work, our research delves
into the effectiveness of a non-parametric regression-adjusted control variate in boosting convergence
rates across various degrees of smoothness assumptions and identifies the key factor that determines
the efficacy of these control variates.

Quadrature Rule There is a long literature on building quadrature rules in the Reproducing
Kernel Hilbert Space, including Bayes—Hermite quadrature [23} 24} 25| 26| 27], determinantal point
processes [128L 29, 30, [31]], Nystrom approximation [32,[33]], kernel herding[134} 35, 136] and kernel
thinning [37,138}139]]. Nevertheless, the quadrature points chosen in these studies all have the ability to
reconstruct the function’s information, which results in a suboptimal rate for estimating the moments.

Functional Estimation There are also lines of research that investigated the optimal rates of
estimating both linear [8} 40l |41 14243}, [44} [45] 46| 47, 148 149, 150] and nonlinear [51} 52} 531154} 55!
56,157,158, 159,160l 161} 162 163} [64]] functionals, such as integrals and the L? norm. However, as far
as the authors know, previous works on this topic have assumed sufficient smoothness, which rules
out the existence of rare and extreme events that are hard to simulate. Additionally, existing proof
techniques are only applicable in scenarios where there is either no noise or a constant level of noise
present. We have developed a novel and unified proof technique that leverages the method of two
fuzzy hypotheses, which allows us to account for not only rare and extreme events but also different
levels of noise.

1.2 Contribution

* We determine all the regimes when a quadrature rule utilizing a nonparametric estimator as a
control variate to reduce the Monte Carlo estimate’s variance can boost the convergence rate
of estimating the moments of a Sobolev function. Under sufficient smoothness assumption,
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Figure 2: We summarize the minimax optimal rates and the corresponding optimal algorithms with
respect to the function smoothness here. When the function is smooth enough, regression-adjusted
control variates can improve the Monte Carlo rate. However, when there exist rare and extreme events
that are hard to simulate, truncating the Monte Carlo estimate directly yields a minimax optimal

algorithm. Above the transition point of algorithm selection is s = %, while the transition
point of the optimal convergence rate is s = Zgz:g; . To build the optimal convergence guarantee for

any algorithm that utilizes a regression-adjusted control variate f , we need to embed the square of
the influence function (¢f9~1)? in an appropriate space via the Sobolev Embedding Theorem and
evaluate the estimation error (f — f)? under the dual norm of the norm associated with the chosen
space, which allows us to achieve optimal semi-parametric efficiency. Our selections of the metrics
in different regimes are shown in this figure.

which rules out the existence of rare and extreme events due to the Sobolev Embedding
Theorem, the regression-adjusted control variate improves the convergence rate and achieves
the minimax optimal rate. Without the sufficient smoothness assumption, however, there
may exist rare and extreme events that are hard to simulate. In this circumstance, we
discover that a truncated version of the Monte Carlo method is minimax optimal, while
regression-adjusted control variate can’t improve the convergence rate.

* As far as the authors know, our paper is the first work considering this problem without
assuming that the underlying function f is uniformly bounded. All previous work assumed
that s > g, which implies f € L°° () and neglects the possibility of spike functions. As a
result, they were unable to discover the transition between the two regimes described above.
Under the assumption that s > %, the main difficulty in establishing the convergence
guarantee lies in determining the right evaluation metric for function estimation. To select a
suitable metric, we introduce a new proof technique by embedding the influence function
into an appropriate space via the Sobolev Embedding Theorem and evaluating the function
estimation in the corresponding dual norm to achieve optimal semi-parametric efficiency.
Our selection of the proper embedding metrics is shown in Figure [2]

* To study how the regression adjusted control variate adapts to the noise level, we examine
the linear functionals, i.e. the definite integral. We prove that this method is minimax
optimal regardless of the level of noise present in the observed data.

1.3 Notations

Let || - || be the standard Euclidean norm and 2 = [0, 1]¢ be the unit cube in R¢ for any fixed d € N.
Also, let 1 = 1{-} denote the indicator function, i.e, for any event A we have 1{A} = 1if A is



true and 1{A} = 0 otherwise. For any region R C 2, we use V(R) := [, 1{z € R}dx to denote
the volume of R. Let C'(£2) denote the space of all continuous functions f : 2 — R and | -] be the
rounding function. For any s > 0 and f € C(12), we define the Holder norm || - ) by

|D* f(x) = D*f(y)]
f = max ||D* y + max sup .
I le- @ \k\<[ 1 ID%f e =@ |kl=Ls] z,yeQ,zy |z yHS—\'SJ

(1.1

The corresponding Holder space is defined as C*(Q) := {f € C(Q) : [[flles ) < oo}. When

s = 0, we have that the two norms || - [|co(q) and || - || L (q) are equivalent and C°(2) = L>(Q).

Let Ny := NU {0} be the set of all non-negative integers. For any s € Ny and 1 < p < oo, we define
the Sobolev space W*P(§2) by

W*P(Q) = {f € LP(Q) : D*f € LP(Q),V a € N satisfying |a| < s} (1.2)

Let (¢)4+ denote max{c,0} for any ¢ € R. Fix any two non-negative sequences {a,}>>; and
{b,}52,. We write a,, < by, or a, = O(by,), to denote that a,, < Cb,, for some constant C

~

1ndependent of n. Similarly, we write a,, = by, or a,, = w(b,), to denote that a,, > cb,, for some

~

constant ¢ independent of n. We use a,, = ©(b,,) to denote that a,, = O(b,,) and a,, = w(by,).

2 Information-Theoretic Lower Bound on Moment Estimation

Problem Setup To understand how the non-parametric regression-adjusted control variate improves
the Monte Carlo estimator’s convergence rate, we consider a prototype problem that estimates a
function’s q -th moment. For any fixed ¢ € N and f € W*P(Q), we want to estimate the g-th
moment 4 F = fQ f%(x)dx with n random quadrature points {x;}? ; C €. On each quadrature

point z; (i = 1,- ) we can observe the function value y; := f(x;).

In this section, we study the information-theoretic limit for the problem above via the method of two
fuzzy hypotheses [[63]. We have the following information-theoretic lower bound on the class ]9

that contains all estimators H9 : Q™ x R™ — R of the g-th moment I;.

Theorem 2.1 (Lower Bound on Estimating the Moment) When p > 2 and q < p < 2q, let Hi
denote the class of all the estimators that use n quadrature points {x;}?_, and observed functlon
values {y; = f(x;)}7 to estimate the q-th moment of f, where {xz ", are independently and
identically sampled from the uniform distribution on §). Then we have

1 s

inf Sup E{$ Fewidie 1“]{ ({m%}z 1 {Yitie 1) - f‘] 2 max{ (57%)71’7573}.

HaeHfT fewsn(
2.1

Proof Sketch Here we give a sketch for our proof of Theorem Our proof is based on the
method of two fuzzy hypotheses, which is a generalization of the traditional Le Cam’s two-point
method. In fact, each hypothesis in the generalized method is constructed via a prior distribution. In
order to attain a lower bound of magnitude A via the method of two fuzzy hypotheses, one needs
to pick two prior distributions i, pt1 on the Sobolev space W*P (1) such that the following two
conditions hold. Firstly, the estimators J‘{ differ by A with constant probability under the two priors.
Secondly, the TV distance between the two corresponding distributions Py and IP; of data generated
by 11 and p1; is of constant magnitude. In order to prove the two lower bounds given in (2.1, we
pick two different pairs of prior distributions as follows:

Below we set m = @(n%) and divide the domain €2 into m? small cubes Q1,Qs, - - - ,€,,,4, each of
which has side length m~'. For any p € (0, 1), we use v;,, w,, to denote the discrete random variables
satisfying P(v, = 0) = P(w, = —1) =pand P(v, = 1) =P(w, =1)=1—p

(D) For the first lower bound in (2.1), we construct some bump function g € W*P(Q) satisfying
supp(g) € €y and [ = fQ x)dx = @(mq“”%)*d). Now let’s take some sufficiently small

constant € € (0, 1) and pick pg, p1 to be discrete measures supported on the two finite sets {v 1te g}
2

and {v% g}. On the one hand, the difference between the g-th moments under yy and pq can be



lower bounded by @(nq(%_ @)=1) with constant probability. On the other hand, K L(P;||P;) can be
upper bounded by the KL divergence between v Lt and Vie, which is of constant magnitude.

(IT) For the second lower bound in (2.1), we set M > 0 to be some sufficiently large constant and kK =
O( f) Forany 1 < j < m, we construct bump functions fj € W=P(Q) satisfying supp(f;) C ©;

and Ik fQ fi(z)dz = ©(m —ks— d) forany 1 < j < mZand 1 < k < s. Now let’s pick s, j11 to
be discrete measures supported on the two finite sets {M —&-Z?fl w(-o) fj} and {M —&—Z;ﬁ:l w(-l) fi },

where {w 1 and {w 1)} * , are independent and identical copies of Witn and wi—x _x respectively.
On the one hand applying Hoeffding’s inequality yields that the ¢-th moments under Lo and f1g
differ by ©(n~@~2) with constant probability. On the other hand, note that K L(Po||P;) can be
bounded by the KL divergence between two multivariate discrete distributions (w§?), sy wj(g)) and

( ﬁ), . 7wj(.i)), where {wj(.?)}?zl and {wj(l) i=1 are independent and identical copies of w14~ and

wi_x respectively. Hence, K L(Py]||Py) is of constant magnitude.

Combining the two cases above gives us the minimax lower bound in (2.1T). We defer a complete
proof of Theorem [2.1]to Appendix [B.2]

3 Minimax Optimal Estimators for Moment Estimation

This section is devoted to constructing minimax optimal estimators of the g-th moment. We show
that under the sufficient smoothness assumption, a regression-adjusted control variate is essential for
building minimax optimal estimators. However, when the given function is not sufficiently smooth,
we demonstrate that a truncated version of the Monte Carlo algorithm is minimax optimal, and control
variates cannot give any improvement.

3.1 Sufficient Smoothness Regime: Non-parametric Regression-Adjusted Control Variate

This subsection is devoted to building a minimax optimal estimator of the g-th moment under the
assumption that 5 > 1%— 2—1(1, which guarantees that functions in the space WP are sufficiently smooth.
From the Sobolev Embedding theorem, we know that the sufficient smoothness assumption implies
WsP(Q) C LP" (Q) C L?(Q), where p% = % — 5. Given any function f € W*?(Q) along with n
uniformly sampled quadrature points {x;}? ; and corresponding observations {yi = f(z;) i, of f,
the key idea behind the construction of our estimator H & is to build a nonparametric estimation f of
f based on a sub-dataset and use f as a control variate for Monte Carlo simulation. Consequently, it
takes three steps to compute the numerical estimation of 1 J‘? for any estimator H & Q"xR™ — R. The

first step is to divide the observed data into two subsets S; := {(z;, yl)}?:1 ;82 = {(wi, yi) Hin

of equal size and use a machine learning algorithm to compute a nonparametric estimation f1: z of
f based on §;. Without loss of generality, we may assume that the number of data points is even.

Secondly, we treat flz% as a control variate and compute the g-th moment 1 ;. Using the other dataset

So, we may obtain a Monte Carlo estimate of I‘; — Iq » as follows: Iq - Iq ~ 2 Z?:LH (yf —
2
ff:% (xz)) Finally, combining the estimation of the g-th moment [ iy = fQ f1 n x)dx with the

estimation of [ ? -7 qu gives us the numerical estimation returned by H &

1.0

n

At i) = [ Fly@dot 2 50 (= flyle). G
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We assume that our function estimation f is obtained from an 5-oracle Kn :Q% xRT — W*P(Q)
satisfying Assumption[3.1} For example, there are lines of research [49] 50 59,1604 161]] considering
how the moving least squares method [66|67]] can achieve the convergence rate in (3.2).



Assumption 3.1 (Optimal Function Estimator as an Oracle) Given any function f € W*?(Q)

andn € N, let {z;}?_, be n data points sampled independently and identically from the uniform
distribution on ). Assume that for s > %, there exists an oracle K, : Q" x R" — W?*P(Q)
that estimates f based on the n points {x;}"_, along with the n observed function values { f (x;)}_,

and satisfies the following bound for any r satisfying + € (max{%, 0}, max{%7 1{s > %}}} :

OEam;;Ianx{xi;;b{jxxn}xﬂ>——fnzqgj)% S G (32)

A construction of the desired oracle and a complete proof of the upper bound above (up to logarithm
factors) is deferred to Appendix [E] Based on the oracle above, we can obtain the following upper
bound that matches the information-theoretic lower bound in Theorem 211

Theorem 3.1 (Upper Bound on Moment Estimation with Sufficient Smoothness) Assume that
p>2qg<p<2ands > %. Let {x;}_, be n quadrature points independently and
identically sampled from the uniform distribution on Q2 and {y; := f(x;)}"_, be the corresponding
n observations of f € W*P(Q). Then the estimator H & constructed in above satisfies

s

Epgr e, “Hé ({xi}?:la{yi}?:l> - I?” < prax{ma(i=3)-L=G-3), (3.3)

Proof Sketch Given a non-parametric estimator f of the function f, we may bound the variance of
the Monte Carlo process by (f¢ — f9)? and further upper bound it by the sum of the following two

terms: ~ R R
e R e O b | (VA Ok
—_——— —_——

semi-parametric influnce  estimation error propagation

(3.4)

The first term above represents the semi-parametric influence part of the problem, as ¢f¢~! is the
influence function for the estimation of the g-th moment f¢. The second term characterizes how
function estimation affects functional estimation. If we consider the special case of estimating the
mean instead of a general g-th moment, i.e, ¢ = 1, the semi-parametric influence term will disappear.

. s —g(£—-1y_1 . .
Consequently, the convergence rate won’t transit from n~ z=d ton 9@ )71 in the special case.
Although the algorithm remains unchanged in the sufficient smooth regime, we need to consider

three separate cases to obtain an upper bound on the integral of the semi-parametric influence term
|fa=Y(f — f)|?in l) An illustration of the three cases is given in Figure

From Holder’s inequality, we know that [, f27=2(z)(f(z) — f(x))2da can be upper bounded by
1729720 Lo oy 1 (F = /2| L () where || - I+ (@) and ||| @) are dual norms. Therefore, the

main difficulty here is to embed the function f in different spaces via the Sobolev Embedding
Theorem under different assumptions on the smoothness parameter s. When the function is smooth

enough, i.e. s > %, we embed the function f in L°°(2) and evaluate the estimation error f — f

under the L? norm. Then our assumption on the oracle (3.2)) gives us an upper bound of magnitude
n~d on|f—f ||%2(Q), which helps us further upper bound the semi-parametric influence part

Jo £2972(2)(f(x) — f(x))2dz by n~F up to constants. When ;gg:g; < s < %, we embed
2pg—2p
=)

the function f in L™ »—2 (Q) C L%(Q) and evaluate the estimation error f — f under the
LP norm. Applying our assumption on the oracle (3.2)) again implies that the semi-parametric
influence part [, f27~2(2)(f(z) — f(x))?dx can be upper bounded by = up to constants. When

% <s< igg:gg , we embed the function f in L?" and evaluate the error of the oracle in
L»"+2=24  where z% = 1% — 4. Similarly, we can use 1' to upper bound the semi-parametric
-2

influence part [, /2~(2)(f(x) — f(x))?d by 020G,

The upper bound on the propagated estimation error [, _o, (f(x) — f(x))%%dz in 1i can be derived
by evaluating the error of the oracle under the L29 norm. i.e, by picking r = 2¢ in (3.2)) above, which
yields an upper bound of magnitude n21G )1,



The obtained upper bounds on the semi-parametric influence part and the propagated estimation
error above provide us with a clear view of the upper bound on the variance of f¢ — fq , which is
the random variable we aim to simulate via Monte-Carlo in the second stage. Using the standard
Monte-Carlo algorithm to simulate the expectation of f9 — f 9 then gives us an extra n~2 factor for

the convergence rate, which helps us attain the final upper bounds given in (3.3). A complete proof of
Theorem [3.1]is given in Appendix[C.1]

3.2 Beyond the Sufficient Smoothness Regime: Truncated Monte Carlo

In this subsection, we study the case when the sufficient smoothness assumption breaks, i.e. 5 <
1
p
Since

— 2—1q. According to the Sobolev Embedding theorem, we have that W? is embedded in Ldifip,
1_s dp
P d d—sp
L?7 norm, which indicates the existence of rare and extreme events. Consequently, the Monte Carlo
estimate of f’s g-th moment must have infinite variance, which makes it hard to simulate. Here
we present a truncated version of the Monte Carlo algorithm that can achieve the minimax optimal
convergence rate. For any fixed parameter M > 0, our estimator is designed as follows:

i, <{x¢}?:1, {yi}?:l) 1 zn: max { min{y;, M}, fM}q. (3.5)
1=1

> i implies < 2q, the underlying function f is not guaranteed to have bounded

n

In Theorem [3.2] we provide the convergence rate of the estimator (3.5)) by choosing the truncation
parameter M in an optimal way.

Theorem 3.2 (Upper Bound on Moment Estimation without Sufficient Smoothness) Assuming

thatp > 2, ¢ < p < 2gand s < 2d§;1dp, we pick M = @(n%_ﬁ). Let {z;}" | be n
quadrature points independently and identically sampled from the uniform distribution on ) and

{yi == f(z;)}_, be the corresponding n observations of f € W*P(Q). Then we have that the
estimator Hi, constructed in above satisfies

By, v, “ﬁ%({%}?—l,{yi}?—l) —1f ] <ot (3.6)

Proof Sketch The error can be decomposed into bias and variance parts. The bias part is caused
by the truncation in our algorithm, which is controlled by the parameter M and can be bounded by
J, () ()| M} | f|%dz. According to the Sobolev Embedding Theorem, W*? () can be embedded in

the space L?", where p% = % — 5. As|f(x)] > M implies | f(x)|? < Ma=P"|f(z)|P", the bias can
be upper bounded by M 9~?" . Similarly, the variance is controlled by M and can be upper bounded by
M

M%=* . Combining the bias and variance bound, we can bound the final error as M9~7" +

By selecting M = @(nr%*) = @(n%_%), we obtain the final convergence rate n~ %@~ )71 A
complete proof of Theorem 3.2)is given in Appendix[C.2]

Remark 3.1 [I64] has shown that the convergence rate of the optimal non-parametric regression-
sy 1_ 1 . .
based estimation is n~ 4" % "4, which is slower than the convergence rate of the truncated Monte

Carlo estimator that we show above.

4 Adapting to the Noise Level: a Case Study for Linear Functional

In this section, we study how the regression-adjusted control variate adapts to different noise levels.
Here we consider the linear functional, i.e. estimating a function’s definite integral via low-noise
observations at random points.

Problem Setup We consider estimating [y = fQ f(x)dx, the integral of f over €, for a fixed
function f € C*(§2) with uniformly sampled quadrature points {z;}_; C €. On each quadrature
pointz; (i = 1,--- ,n), we have a noisy observation y; := f(x;)+¢;. Here the ¢;’s are independently
and identically distributed Gaussian noises sampled from A (0,n~27), where y € [0, oo].



4.1 Information-Theoretic Lower Bound on Mean Estimation

In this subsection, we present a minimax lower bound (Theorem | for all estimators H : Q" xR"™ —
R of the integral I of a function f € C*(€2) when one can only access noisy observations.

Theorem 4.1 (Lower Bound for Integral Estimation) Let H] denote the class of all the estima-
tors that use n quadrature points {x; }?_, and noisy observations {y; = f(x;) + €;}1_, to estimate
the integral of f, where {x;}? | and {€;}_, are independently and identically sampled from the
uniform distribution on Q and the normal distribution N'(0,n~=27) respectively. Assuming that

v € [0,00] and s > 0, we have

inf  sup E{m}:ﬁ_h{yi}?_l[]ﬁ({xi}?_l,{w}?_l)—If\]znm“{‘%‘%‘%‘i}. (@.1)
HeMy feC+(Q)

Remark 4.1 Functional estimation is a well-studied problem in the literature of nonparametric
statistics. However, current information-theoretic lower bounds for functional estimation [51} 152} 153
56} 157,158 1651 168] assume a constant level of noise on the observed function values. One essential
idea for proving these lower bounds is to leverage the existence of the observational noise, which
enables us to upper bound the amount of information required to distinguish between two reduced
hypotheses. In contrast, we provide a minimax lower bound that is applicable for noises at any
level by constructing two priors with overlapping support and assigning distinct probabilities to the
corresponding Bernoulli random variables, which separates the two hypotheses. A comprehensive

proof of Theorem{d1|is given in Appendix[D.2}
4.2 Optimal Nonparametric Regression-Adjusted Quadrature Rule

In the discussion below, we use the nearest-neighbor method as an example. For any k¥ €
{1,2,---, 5}, the k-nearest neighbor estimator frenn of f is given by fk,NN(z) = % Z§=1 yigz) ,
where {xif’}j%:l is a permutation of the quadrature points {xl}?: 1 such that ||.Z’Z.§z) —z|| <
Hxigz) -z < < ng) — z|| holds for any z € €. Moreover, we use Ty ., := {xi§z>}?zl
to denote the collection of the & nearest neighbors of z among {z; Z%: , for any z € €. For any
1 <4< 3, wetake D; C € to be the region formed by all the points whose k nearest neighbors

contain xz;, i.e, D; := {Z €Q:z; €Ty, Z}. Our estimator H ,-NN can be formally represented as

3

n

Aow (i i) =3 VP 2 5 2 s

i=1 i=%+1 i=5+1 J
—_———

Jo Fran(z)dz

| =
g

]].{.’L'Z € Dj}y]) .
1

2 E;L:%_H (yz‘—fk--NN(xi))

In the following theorem, we present an upper bound on the expected risk of the estimator Hinn:

Theorem 4.2 (Matching Upper Bound for Integral Estimation) Ler {xz;}_, be n quadrature
points independently and identically sampled from the uniform distribution on Q and {y; :=
f(z;) + €}, be the corresponding n noisy observations of f € C*(Q), where {€;}1"_, are
independently and identically sampled from the normal distribution N'(0,n~=27). Assuming that
v € [0,00] and s € (0, 1), we have that there exists k € N such that the estimator Hy,_ny constructed
above satisfies

Bair, o, “Hk.w({:ci}?_l, {yi}?:l) - If‘] R I LR C

Remark 4.2 Our upper bound in Theorem[.2|matches our minimax lower bound in Theoremd.1
which indicates that the regression-adjusted quadrature rule associated with the nearest neighbor
estimator is minimax optimal. When the noise level is high (v < %), the control variate helps
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to improve the rate from n~2 (the Monte Carlo rate) to n 27 via eliminating all the effects of
simulating the smooth function. When the noise level is low (v > %), we show that our estimator

Hy..ny can achieve the optimal rate of quadrature rules [46]]. We defer a complete proof of Theorem

to Appendix[D.3]

5 Discussion and Conclusion

In this paper, we have investigated whether a non-parametric regression-adjusted control variate can
improve the rate of estimating functionals and its minimax optimality. Using the Sobolev Embedding
Theorem, we discover that the existence of infinite variance rare and extreme events will change the
answer to this question. We show that when infinite variance rare and extreme events are present,
using a non-parametric machine learning algorithm as a control variate does not help to improve
the convergence rate, and truncated Monte Carlo is minimax optimal. When the variance of the
simulation problem is finite, using a regression-adjusted control variate via an optimal non-parametric
estimator is minimax optimal.

The assumptions we made in this paper, such as boundedness of the domain €2 and constraints on the
parameters p, g, might be too restrictive for some application scenarios. We left relaxations of these
assumptions as future work. One other potential direction is to investigate how to combine importance
sampling with regression-adjusted control variates. Also, the study of how regression-adjusted control
variates adapt to the noise level for non-linear functionals [62, [63] may be of interest. Moreover,
another intriguing project is to analyze how the data distribution’s information [3} (7] can be used to
achieve both better computational trackability and convergence rate [8].
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Appendix

The appendix is organized as follows:

* In Appendix A, we list some notations and standard lemmas used in our proofs.

* Appendix B contains a comprehensive proof of the information-theoretic lower bound on
the estimation of g-th moments, which is established in Theorem

* In Appendix C, we provide a detailed proof of Theorem [3.1]and [3.2] which gives us the
minimax optimal upper bound on estimating g-th moments.

» Appendix D consists of our proof for the information-theoretic lower bounds and minimax
optimal upper bounds on integral estimation and function estimation, which are listed in

Theorem .1l and [4.2]

* Appendix E provides our construction of the desired function estimator in Assumption[3.1]
along with a proof of its convergence rate.

A Preliminaries and Basic Tools

A.1 Preliminaries

This subsection is devoted to presenting some basic notations used in our proofs. For any fixed
convex function f : RT — R satisfying f(1) = 0, we use D (-||-) to denote the corresponding

[-divergence, i.e, D¢ (P||Q) = [. v ( )dQ for any two probability distributions P and ) over

some fixed space V. In particular, when f(z) = 1|z — 1|, D#(-||-) is the total variation (TV) distance
TV (:]|-). When f(z) = zlogx, D¢(-||-) coincides with the Kullback—Leibler (KL) divergence
K L(+]]-). Moreover, for any a € R, we use d,(+) to denote the Dirac delta distribution at point a, i.e,
=5 f(x)b4(z) = f(a) for any function f : R — R.

A.2 Basic Lemmas
In this subsection, we list some basic lemmas that serve as essential tools in our proofs.

Lemma 1 (Sobolev Embedding Theorem [11]) For some fixed dimension d € N, we have that
(I) For any s,t € Ny and p,q € R satisfying s > t, p <dand1l < p < q < o0, we have

WeP(RY) C WH4(R?) when the relation zl) -5= é — L holds. In the special case whent = 0, we

have W*P(R?) C L4(R?) for any s € Nand p,q € Rsansfymg 1<p<qg<ooand 11) -5< ;.
(Il) For any o € (0, 1), let § = € (d, oc]. Then we have C*(RY) N W1A(RY) C C*(RY).

Lemma 2 (Holder’s Inequality) For any fixed domain Q2 and p, q € [1, 00| satisfying % + % =1,
we have that || fg| L) < || flle@l9llLa(q) holds for any f € LP(Q), g € LI(Q2).
Lemma 3 (Hoeffding’s Inequality) Ler X1, X5, -- , X, be independent random variables satisfy-

ing X; € [a;, b;] forany 1 < i < n. Then for any € > 0, the sum S,, := ", X; of these n random
variables satisfies the following inequality:

P(Sp > E[Sh] +1) < exp ( - 2(2;2(1)2)
i=1 12 g (A.1)
P(S, < E[Sy] —t) < exp ( - an(?bt_a)z)

Lemma 4 (Data Processing Inequality) Given some Markov Chain X — Z, where X and Z are
two random variables the measurable spaces (X, ) and (Z,v) respectively. Let K be the transition
kernel of the Markov Chain above, i.e, for any x € X, the probability distribution of Z is given
by K(-,x) when conditioned on X = x. For any two fixed two distributions P, Q) over X with
probability density functions p, q, we use K p( ) and K o() to denote the correspondmg marginal
distributions respectively, i.e, Kp(-) := [, K du( Jand Ko(-) = [ K x)du(z).
Then we have D (K p||Kg) < Df(PHQ) holdsfor any f-divergence D (-]]-).
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B Proof of Lower Bounds in Section

B.1 A Key Lemma for Building Minimax Optimal Lower Bounds

In this subsection, we firstly present the method of two fuzzy hypotheses, which turns out to be the
most essential tool for establishing all the minimax optimal lower bounds in our paper, before giving
our complete proof of Theorem [2.1]

Lemma 5 (Method of Two Fuzzy Hypotheses: Theorem 2.15 (i), [65]) Let F' : © — R be some
continuous functional defined on the measurable space (©,U) and taking values in (R, B(R)), where
B(R) denotes the Borel o-algebra on R. Suppose that each parameter § € O is associated with a
distribution Py, which together form a collection {Py : 0 € O} of distributions.

For any fixed 0 € ©, assume that our observation X is distributed as Py. Let F be an arbitrary
estimator of F(0) based on X. Let g, 11 be two prior measures on 6. Assume that there exist
constants ¢ € R, A € (0,00) and Py, 51 € [0,1), such that:

M()(@G@IF(H)SC—A)Z].—ﬂ(),

For j € {0,1}, we use Pj(-) := [Pg(-)11;(d0) to denote the marginal distribution P; associated
with the prior distribution j1;. Then we have the following lower bound:

inf sup Po(|F — F(0)| > A) > 1 =TV (Pol[Py) — fo — 61.
F oco 2

(B.1)

(B.2)

B.2  Proof of Theorem 2.1 (Information-Theoretic Lower Bound on Moment Estimation)

In this subsection, we give a detailed proof of the two minimax lower bounds established in Theorem
[2.T] above via the method of two fuzzy hypotheses (Lemma[5)). We start off by introducing some
preliminary tools used in our proof. Consider the function K defined as follows:

d
1
Ko(z) := HeXp ( - m)]lﬂam <1),Va=(x1,22, -+ ,24) € R?. (B.3)
i=1 i

Moreover, we pick some function K satisfying
K(z) := Ko(2z), Vo € RY, (B.4)
From our construction of K and K above, we have that K is in C°°(R%) and compactly supported

on [~1,1]%. Furthermore, we set m = (200n)7 and divide the domain § into m? small cubes
01,09, -+ ,Q,,4, each of which has side length m~!. Forany 1 < j < m<, we use c; to denote
the center of the cube €);. Similar to the proof sketch of Theorem below we again use w), to
denote the discrete random variable satisfying P(w, = —1) = p and P(w, = 1) = 1 — p for any
p € (0,1). Furthermore, we use T := (1,22, - ,&,) and ¢ := (Y1, Y2, -+ ,Yn) to denote the

two n-dimensional vectors formed by the quadrature points and observed function values, After
introducing all preliminaries above, let’s present the essential parts of our proof. Given that our lower
bound in Theorem [2.T] consists of two terms, our proof is also divided into two parts:

(Case I) For the first lower bound in @ let’s consider two functions gy and g; defined as follows:
gol@) =0 (Y € Q),
gr(a) = 4T — ) (@ € ), (B.5)
! 0 (otherwise).

Clearly we have go € W*P(Q) and I = 0. Now let’s verify that g; € W*?(Q) for any m. Note
that the following bound holds for any ¢ € N¢ satisfying |¢| < s:

1D g1l Lo () = (/
|95

B ( /

[7

m=Stemltl (D'K)(m(z — ¢1)) ’pd$>

|=

t p 1 ’ [t]—s t <
1WJDMWWW@ = ml D K s gy S 1
272
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This implies g; € W*#?(Q) for any m, as desired. Moreover, computing the g-th moment of g; yields

15, = [ gty = [ Ko ey
’ (s—42) ” 1 ( ) d (B.6)

— (55 a1 ———

—m /[_ (K@) Gy =m TS,

272

Now let us take € = % and pick two discrete measures i, 41 supported on the finite set {gg, g1} C
W#P(Q) as below:

1—e¢
to({g0}) = ,uo({gl}) 5
1+4+e€ (B.7)
11({g0}) = T,m({gl}) =—
On the one hand, by taking ¢ = A = %I 4 and By = f1 = , We may use 1| to deduce that
1
Ho(f € WHP(Q) 1 19 < — A) = puo(I8 < 0) > — =1~ f,
(B.8)
s 1+e
pi(f € WHP(Q) : If > c+ A) = (If > 1Y) > 5 =1-0.
Hence, we have that holds true. On the other hand, recall that the quadrature points
{1, ,2,} are identical and independent samples from the uniform distribution on €2, which
enables us to write the marginal distributions in an explicit form as follows:
oo 1+e m
Bo(@,5) = (5~ TI 90w+~ TI dneow)) - TI( TI do);
:x; € i:x; € Jj=2 im,€Q
(B.9)
7, ) 1—¢ 1 + €
P(l‘y:( H60yz H(Sgl(xl yz)H(Héoyz)
i:x; € i:x; € =2 ix;€Q;y

In particular, we have Py = IP; when the set {i : ; € ;} is empty. Combing this fact with
above allows us to compute the KL divergence between ]P’O and [P; as below

— / / / / log 1+€ Hz z, €EQq ( Z) 1—e¢ Hl 2,60 5(]1(11)(y1))
z T, €Q ( l) iy EQq 6g1 (z4) (yz)

) (1 - H Jo(yi) + H 591(Ii)(yi ) : (H H 50(%)) dei) HdﬂUz‘
i €Q Gz €0 J=2 i €Q; i=1 i=1

/ / / / IOg 1+€ 7 x; EQ 50(y1) + 126 =ton 5g1(r )(yz))
1 < Hzx € 5 (y ) + 1+6 Hz 2,€Q 5q1(11)(y7)

.(1-21-6 H 0o (yi) + H 5g1 (z:) Zh) H d{%)del

i, €EQq 1 €2 i €€

:(log(ifi)ﬁ”l%(ili)l; Je(ticm e #2)
€

= elog(ite)P({i cx; €Mt #£ @).

(B.10)

d d m®
Moreover, since the probability that {i : z; € Q1} = @ equals to (Z-71)" = ("-=1) 500, we have

P({isase}£0)=1- (17;6!)% <1- (2(17’;» <1- (2¢) .
(B.11)




Now we may combine (B-I0), (B-TT) and Pinkser’s inequality to upper bound the TV distance
between Py and IP; as below:

1 1 ~ 200 1+e 3 V3
V(Po|[P1) < /= KL(P|Py) < 1 ( )< Yl B2
(PollP1) = 4/ 5 K L(Poll 1)—\/ o8 1T 0= 10¢ B2
Finally, by substituting (B.6), (B.12), A = 117 and 8y = 81 = 5° = § into (B.2) and applying
Markov’s inequality, we otam t e final lower bound

inf sup E{Ii}?:p{yi o “ﬁq ({l’i}?:l’ {yl}?:l) - J(%“|

HaeH]? fews»(Q)

> A inf sup ]P){Ii}?:p{yi}?:l “f{q ({171'}?:17 {yi ?:1) - I?’ > A]

HacH{ fews»(Q) (B.13)

> ]q 1 =TV (Po||P1) — Bo — S1 1(1—§)elq

2 g1 9 =7 10 i3

1 \/g 71 377) 1 _ (ﬁil)il
= §(1 — ?0)(200n) d ||K||Lq( - 1,1]4) >p a7t

which is exactly the first term in the RHS of (2.T).

(Case II) Now let us proceed to prove the second lower bound in (2.1)). For any 1 < j < m¢, consider
first some function f; defined as follows

oy mT K (m(x — ¢j)) (x € ),
fi(@) = {0 (otherwise),
which satisfies supp(f;) C Q;, f; € C*(Q) and f;(z) > 0 (V z € Q). We further pick two

(B.14)

constants o, M satisfying a := || K| (_1 1j4) and M = 3c. Now consider the following finite
set of 2" functions:
md
S = {M+anfj:nje{i1},\11 gjgmd}. (B.15)
j=1

We will proceed to verify that any element in S must be in W*?(Q2) for any m. Note that for any
n; € {£1} (1 < j < m?) and any ¢ € N¢ satisfying |¢| < s, we have

m » m P
HDt(MJr;njfj) < <M+ H;W(thj)‘ LP(Q)>

LP(Q)
77Ld
= <Mp+ HZUJ (D' f;) LP(Q)> <MP+ZHD fJ”L"(Qj)

=MP + mZ/Q ‘m_s‘Htl(DtK)(m(x - cj))’pdac
= M? 4+ mli=) i/ ’ )(y)‘p%d@/

< M? + ||D'K]? <1

Le((§.41%) ~

This gives us that S C W*P(Q) for any m, as desired. Now let’s pick x = /2 and take

{w (0)} *, and {w( )} ~, to be independent and identical copies of w14« and w1 respectively.

Then we define pi9, 1 to be two discrete measures supported on the finite set S such that the following
condition holds for any n,; € {£1} (1 <j<m

9):
uk({M+anfj}) ﬁ wi =), ke {0,1}. (B.16)

17



In order to determine the separation distance A between the two priors pg and p1, we need to define
two quantities A := [, (M + f;(z))%dx and B := [, (M — f;(x))?dz, which both remain the same
for any 1 < j < m<. Now consider deriving a lower bound on the quantity A’ := A — B > 0. Note
that for any fixed j € {1,2,--- ,m?}, we have M > 2a > 2m || K| oo 1,170y = 2| fjllLo= ()

272

which implies M +y > $M > 0 forany y € [=[1fjllz>= ;) [l fll Lo (2;)]- This helps us obtain the
following lower bound on A’:

A':/Q(MHJ»(:C))M:C—/ (M= f;(= qu—/ /W) (M + ) dy) da

J fi(z)

Z/ (/J::(:) q(; )q71dy>d;1;— T —— M 1/Q (2fj(z))de/Qj fi(x)de  (B.I7)

s _ s—d
/m K(m(z —¢;))de =m”~ /“w fdy Iz (- 4,39

Moreover, let us pick A = 5 and apply Hoeffding’s Inequality (Lemma to the bounded random
variables {w§-0)};7’:dl and {wg-l)}}":dl to deduce that

P(mzdw§0) >—(1- )\)mdn) < exp ( - M) = exp ( — %/\2/&2md),
j=1

4md
. (B.18)
(i w; —A)m ) < exp ( 7(/\47:;:)2) = exp ( — %)\QKde).
j=1

By taking ¢ := mT (A+ B),A == (1 = A)rm%(A - B) = (1 = X\)rm?A’ and By = B =
exp ( — IA2K2m? ) we may combine (B.17) and (B.18) justified above to get that

d

s < 1—(1-N& 1+ (1 - Nk
ol €W @) [y e=8) =P(30, o < g omitd+ === B)
Jj= :

d md

> P(mzw§°) <-(1- )\)mdn> —1- P(Zw]@’ > (1- )\)mdm)
Jj=1 j=1

1
>1—exp ( — 5/\252771‘1) =1-— 0o,
d

< 1+ (1-N& 1—(1- Nk
5P - T4 _ q d d
w(f ew (Q).Ifzc—i—A)—}P’(E 1 +w§.1>f,~2 5 m*A+ 5 mB>

(Zw >(1-=XMm n)—l—P(iwéo)S(l—)\)mdn)

>1—exp ( - §>\2/€2md> =1-pi,

(B.19)
which indicates that (B.T)) holds true. Now let’s consider bounding the KL divergence between the two
marginal distributions Py, P, associated with pg, i1, respectively. Using the fact that {x1,- - , 2, }

are identical and independent samples from the uniform distribution on €2 again allows us to write the
marginal distributions in an explicit form as follows:

d

(1+/€

3

Po(Z

9)

<y

H 6M7fj($i)(y7;) + ! ; . H 6M+fj(fﬂz‘)(yi))7

i €Q; i €Q;

(1;K I ompyo(w) + II 5M+fj<xi)(yz'))-

i €Q; 02 €Q;

<.
Il
—

(B.20)

IPJ1 (fa g)

<
I
—

=
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Furthermore, for any n quadrature points {z;}7 1, We use J» to denote the set of all indices j
satisfying that 2; contains at least one of the points in {z;}],, i.e,

Toi=Talwr, o wn) = {511 <5 <mPand @5 0 {an, - aa} # 2} (B:21)

Given that m¢ = 200n > n, we have |7,,| < n for any n quadrature points {x;}? ;. Using this
upper bound on | J,,| allows us to bound the KL divergence between Py and P; in the following way:

= [ ([ e
y)
d —K
/ / / / log m i Hz e, O f50) (¥) T 15 s cq, 5M+fj(wi)(yi))
5 Hiwieq, OM—r(en (i) + = [Lizicq, O£ (4i)
m 14k 1—k -
H ( IT Sa—r@o i) + 1T onepen (v ) dyi> [ ] da:
=1 =1

i €Q; i:x; €05
K Hzm €Q; 5M+f7(xl)< ))

o e i et
JE€ETn NHzx €Q; g fj(iz)(yl Hi:x,;er 51\4+fj(1'i)< i)

H (1;H H 5M_fj($i)(yi) Lx H 5M+f](wb)(y2)> dyi>HdIi
i=1

)Bo(@. Gdys -+ dy, ) day -+ dy

::]:

1

<.
Il

| =

:::

JEITn 45 €05 1 €Q; i=1
/ / 3 / / log 1+“ [Tivica, Onr— g0 W) + 55 Tisen, 5M+fj<mi)(yi))
Q e\ je7. 3t leea, oM~y () () + 5 Hz’:m:eﬂ Onr+ 15 () (Yi)
1+k 1—x
( I o) + | | YA ) 11 dyz> I dx:
1:x; €8y 425 € 1:x; €8y
14+k\1+k 1 1—x 1+ k
= Jy Jo 1l o (=5) 1())dﬂl()
/Q /Q|.7|<og T— ) 2 + log T Zl_[lx_nnog -

(B.22)

Now we may combine (B.22)) and Pinkser’s inequality to upper bound the TV distance between Py
and IP; as below:

1 nK 1+ k& 3n 1
< — < — < e —
V(Po|[By) < \/QKL(IP’OHIP’l) < \/ ; log( ) <\ Fr=73 (B.23)

1—k

Finally, by substituting (B.17), (B.23), A = (1 — A\)km®A’ and By = 1 = exp ( - %/\%de) -
exp(—352) < ¢ into (B.2) and applying Markov’s inequality, we obtain the final lower bound

inf sup E{wi}?:p{yi}?:l [ ‘I:[q ({in}?:lv {yz};l:l> - ;{‘ ]

HaeH? fewsr(Q)

>A inf o sup P{mi}y1,{%}?1[\1?1(1({@}?_1,{%}?_1)—f;%\zA} B24)

HicH{ fews»(Q)

1—TV (PP — 1 V2 !
> (1= A)rmiA (BollP) = o= , 1 V2 - (200n) - =

2 23\/3 6
Z \/EA/ Z \/5(200707 [_%7%]11) Z nii*é,

which is exactly the second term in the RHS of . Combining the two lower bounds proved in
(B-13) and (B-24) concludes our proof of Theorem
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C Proof of Upper Bounds in Section [3|

C.1 Proof of Theorem 3.1 (Regression-Adjusted Control Variate)

In this subsection we present a detailed proof of Theorem@ With the first half of the quadrature

points {a:z} > , and observed function values {y;}2 ; as inputs, we pick the regression ad]usted

control variate flz% to be the estimator returned by the oracle Kz specified in éssumptlon

Moreover, we use the following expression to denote the variance of the function f{ . (z) — f%(z)
t2

with respect to the uniform distribution on £2:

Var(Fly = 1) 1= [ (17(0) = Fly@)de = ([ (1760) = Fy@)as) . €

2

By plugging in the expression of H, T }’ and using the fact that {z; }?"_; are identical and independent
copies of the uniform random variable over {2, we have

E{m}?:p{yz‘}?:l “ﬁg ({xi}?:lv {yl}?:l) - ?’2]

=Epn, _\ /| fﬁg<x>dz+2§ (£ = fiy (@) - f%z)daﬂ

_4 n

4 2 2 .
=B [ 3 vafty -] = TE gp [Vt - )]

(C.2)
From the identity above, we know that it suffices to upper bound the term IE (e} [Var( ff% —f ‘1)} .
Tifi=1 ’
Letgy.z = flz% — f denote the difference between the estimator flz% and underlying function f.
Then we may further upper bound the expression [£ I [Var( ff 2= fQ)] as follows:
Tifi=1 ’

E,,0 [V, =] =E o [ [ (@)= ity @)de = ([ (77w - iy @)a) |
S]E{xi}igl_ / (@) - fiy (@ >)2d4 -E,, [ /Q ((f(x)+g1:g(:c))qfq(z))zdx]

[ g1:2 () 2
_ n 2 q—1
By | (] @) dy) da

91" -%
<Eqya [ ] [ s oy tafas
5E{xi}%1 /|g1ﬂ(x)\ - |g1;g(x)|max{|f2q_2(x)|,|giqg_2(x)|}dx]
sEat, /'gl yllde| + By [/'91 ;@@ )Idas]

(C.3)
Now let’s proceed to bound from above the two expected integrals in the last line of (C.3)). For the

. . 2dg—dp . .
first expected integral, since s > a7 g > > 27, we may apply 1' in Assumption to
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deduce that

{[ /|g1n ] ot Mg = flo) .

1

< ((%)—34-(%—%%)211 < n%(—%-ﬁ-;—i) — nQQ(*—*) 1

where the last equality above follows from the given assumption that p < 2q. Now let’s proceed to
bound from above the second expected integral in (C.3)). Here we define p* = (max{l -5 0})

ie p* = d o when s < £ and p* = oo otherwise. From Sobolev Embedding Theorem (Lemma

we have that W*P(Q) C Lp (€2). Based on the value of the smoothness parameter s, we have three
separate cases as below:

(Case I) When s € (%, 00), we have p* = oo and f € W*P(Q2) C L>(Q). Since fl:g and f are
both in the Sobolev space W*P(Q2) C L>°(Q), we may further deduce that g;.n = fl;g - fe

WeP(Q) C L*°(2) C L?(Q). By picking 7 = 2 in (3.2) of Assumption we may use the facts
that p > 2 and f € L°°(Q) to deduce that

|97 (@) F21 2 (2 >|dx]NE |3 l |g%n<x>|dx]
/ ! {$z}i=1 /Q o (C.5)

Csa(i_1y,\2 _2s
{ }2 |:||f1* f||%2(§2):| 5 (TL d+(p 2)+> =n 4,
which is our final upper bound on the second expected integral in (C.3) under the assumption that

s € (%,oo).

(Case II) When s € (29=p) we have p > di 5 = (29-2) s which implies
(2 2) d (29—p) —2
pl2eq— P sp d=pLE=2) p

feEWsP(Q)CLP (Q) C (Q) C LP(%2). Given that ;25 > 1, we can further deduce that
f2972 ¢ L572(Q2) . Moreover, since frin e WHP(Q) C LP(Q), we have that g1.n = fr.a — f €
LP(Q). Given that p > 2, we can further deduce that g%% € L% (). Then we may apply Holder’s
inequality (Lemma to gf:% € L%(Q) and f27-2 € L7°2 (1) to obtain that

E gt [/g (@772 @)z
<Ep g, lotals ol

Note that the function h(t) = t7 is concave and € (=32,1] when p > 2. Hence, applying Jensen’s
1nequa11ty and picking = p in (3.2 of Assumpt1 @ rther allows us to upper bound the last
term in (C.6) as follows:
ot [(lgs1200)” ]
2

Eat,|
E %= [ 91:3 |LP(Q) :E{xi}il {Hfl:% —f||1£p(9)}% (€7
( +

{$z

= E{xz}%l |:||g%:%f2q72”Ll(Q):|

(C.6)
2q—2

p(29—2) E 7 [
L 72 (Q) {xz}z

: Hf\

2
LE(Q) L= 2(9)} Ii:g LP(Q)]

< o

E{wi}i [||91:g ||%p(sz)}

IN

2s

—a % )+> Sjn_T

N

Substituting (C.7) into (C.6) then gives us the final upper bound on the second expected integral in

1| under the assumption that s € (igg:g% ,00):
B [ / 1935 (2) 92 (x >|d:c] <n~ ¥, (C8)

(Case IIT) When s € (%, %), we have that s < %, which indicates that p* = % satisfies

2g < p* < %. Given that p* > 2¢ > 2¢ — 2 and f € W*P(Q) C LP" (Q), we can deduce
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that f29—2 E Lﬁ(ﬁ) Furthermore, note that p* > 2q implies W < p* and p* < p(2q 2)
TQQ > p. Since fi. z and f are both in the Sobolev space WS”’(Q) c (Q) we
may further deduce that g;.2 = = fi. »—f€ W”’(Q) C LP(Q) C Lz R (). Given that
> 1, we have g2, a € Ly F73 (Q) Then we may apply Holder’s inequality

implies

=

(Lemma to 91;g € Lirte= () and 2972 € L7 (€2), which yields the following upper bound:

Bt [/ o1 (@ )dml =E_ 5 It o)

<Ey1, [l

2q—2
<|7...E

Lr* (Q) {rz
Note that the function w(t) = t 1s concave since ¢ > 1. Moreover, using the given assumption

s€ (%, %) we get that 72 > 2¢, which further yields

p*+2_2q d—ap 2 d—Sp
2p* = ) pd > ) pd = d
P d—sp d—sp P

ie, {2 *'g;: 29) ¢ (d;dSp , 1]. Hence, we may apply Jensen’s inequality and i in Assumption [3.
upper-bound the last term in (C.9) as follows:

Bl [Hgl : LM(Q)] =K., _<H91 3

= ]E{mi}i%:1 _Hgl:g

*

» (C9)
L%a=2 (Q)

p*
Lr*+2-24 (Q)

L13+2*2q(Q)‘|

’91

9

p*+2—2q

p*
P +2 2<1
L p* +2 2q (Q)

(p*+2—-2q)
o

2p*
p*+2-2¢q
2p*

D
Lr™+2-24 (Q)

(p* +2-2q) (ClO)

P
p+2 2q

L p* +2 2q (Q)

Hh 3= f

-E
{Il}z 1
2
< n _é_;,_(%_}’ +§* 2(1)+
(A

*42-2
~2pya(l-rion),

A

n

In order to simplify the last expression in (C.10), let’s recall the fact that p* € (2q, M) proved

above. This gives us that p*(p — 2) < p(2¢ — 2) = 2p* > p(p* + 2 — 2q), i.e, = > p;’# Then
we may simplify the power term in the last expression of (C.10) as follows:
2s 1 p"+2-2¢ 2s 2 2 2q 2q 1 s
e e R (R =T = S B P R B
d p 2p* + d p p* p* p* d
Now let’s substitute (C.I0) into (C-9), which gives us the final upper bound on the second expected
integral in lb under the assumption that s € (%, %):

B,z U |95 (2) 217 (2 >|d4 <n2Gm (C.11)

Combining the upper bounds derived in (C4), (C.3), (C8) and (C.II) finally allows us to upper

bound the expected variance [ (e 3 Var( ff% — f7)| as below:
Tigi=1 ’

E = [Var( Af_ﬂ - fq)} < n2(—3)-1 +max{n7275,n2q%_%)_l}. (C.12)

{x; 1‘2:1 )
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Finally, substituting (C.12) into[C.2) derived at the beginning gives us the final upper bound:

B | B2 (b)) - 1

< B o,

’H ({I b w i 1) —Iq‘ ] {w, 3 {Var(ff:% —fq)]

1

<n~ \/ 2q(3-9)-1 4 max{n~ s an( 3)_1} < max{n_g_i,n_q(i_%)_l}.
(C.13)
This concludes our proof of Theorem [3.1]

C.2  Proof of Theorem 3.2](Truncated Monte Carlo)

In this subsection, we provide a complete proof of Theorem [3.2] For any fixed parameter M > 0, we
may divide €2 into the following two regions:

Qi ={zeQ:|f(x) > M}, Q ={zeQ:|f(x)] < M}, (C.14)

where QF, NQy, = @ and QF, UQ,, = Q. Let fr(z) == max { min{ f(x), M}, —M} Vzxeq)

denote a truncated version of the given function f, where M is the threshold. Also, we use the
following expression to denote the expectation of the g-th power of the truncated function fj; with
respect to the uniform distribution on 2:

B ) = [ max{min{ @) M) -y f o= [ wrdo [ fapde cas)

Qo
where the last identity in (C.I5) above follows from our definition of the two regions defined in
1i In a similar way, we can define the variance of the function quw as below:

Var(fi;(x)) = E(f3f () — E(f{,(x))?
:/Qmax{min{f(m)7M}7—M} dr — (/Qmax{min{f(w%ML—M} dx) .

Furthermore, as {x;}!" ; are identical and independent samples of the uniform distribution on 2, we
have that for any 1 § 1 < n, the following identity holds

E{m e Avi i 1[ ({x bie1s i bie 1)}

=Ear o 1{ Zmax{mm{yz,M} M} ] (C.17)

(C.16)

= B, [max { min{ f(ws), M}, ~M}'| = Ee, 12 (2:)] = E(f (2).

Now we may use (C.17) and the bias-variance decomposition to derive an upper bound on the squared
expected risk of the estimator H 2z as follows:

Ean, vy, “H‘& (et i) =14 H

=By, i, [ |8 (b, fwidins ) = BU (@) + B (@) - 1 ]

1 n
< 2E{$i}?:17{yi n [ - Zmax { min{y;, M}, _M}q —E(fi(2))
i=1

+ Q]E{m}?zl,{yi}?ﬂ

(3 2)) - I;ﬂ

23



where the first and the second term in the last line of (C.I8) above denotes the variance and the bias
1 s d

part, respectively. Again, we define p* = (max{ — 7, 0H)~ Y ie, p* = df‘ip when s < 7 and
* 2dg—dp

p* = oo otherwise. Under the assumption that s < g < %, we have p* = d{‘ip € (p,2q).

Moreover, from Sobolev Embedding Theorem (Lemmal|l)), we have that f € Ws?(Q) C LP"(Q).

On the one hand, since p < 2¢, we can deduce that | f(x)[24 < M?29—»"
M?24 < M2a—p”

f(x)[P" forany x € Q3 and
f(z)[P" for any = € Q7,, which helps us upper bound the variance part as below:

|

1 & . q
E{Ii}?:p{yi}?:l [ ‘n Z max { mln{yi, M}7 _M} - E(f]qw (x))
=1

2

By, H; S (File) — Ea [ 0]

i=1

- z:;E () . [1t100]) ] = vartsty@) (€.19)

IN

CE(f3(2) = %(/ Mo+ | f(@)da)

Y

IN

%(/Q* e /Q M| f () de)

1 . . M?2a4—p"
= [a T @) e ,
n Q n

where the last step of (C.19) above follows from the fact that f € W*P(Q) C LP" ().

On the other hand, using the fact that p* > p > ¢ = |f(z)|9 < M7
we may upper-bound the bias part as follows:

f(x)|P” for any = € QF,,

Eegr e,

B4 ) - I;H

= Midx + (x)¥dx — f(x)dx — (x)¥dx
2y Qu 2y Qu
2 2 2
C.20
:/ (M7~ f9(2)) d g/ MO — ()| da g/ (M + (7)) d (20
ot of, Qi

2 2
< < €M2a—2p"

<[ 1@

M

S MPa

2
| @) d
Q]\/f

[ 1@ as

where the last step above again follows from the fact that f € W*?(2) C LP (). By substituting

(C.19) and (C.20) into (C.18), we obtain that

Ear, wo, [ A (Lt fwbi ) = 1 ]

(C.21)

. 2 M?2q—p* .
< E{wi}?:p{yi}?:l “HJ({/I <{xz}?:17 {yz}zlzl) - I}I 1 S \/ " + M?2a=2p7,

M2a-7"
n

By balancing the variance part and the bias part M27-22" above, we may get the optimal

choice of M as follows: Mi‘% = M2 = M = @(nz%) Plugging in the optimal choice of
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M gives us the final upper bound:

'} n n 29—2p~ a4 _g(2—1y_
E{wi}?:p{yi}?:l “HJ({I <{xi}i:17{yi}i:1) - I;w SVn P =np L= pa@—3) L
which finishes our proof of Theorem3.2]

D Proof of Minimax Lower and Upper Bounds in Section 4]

This section is organized as follows. The first subsection consists of one important lemma used in our
proof. In the second subsection, we provide complete proof for the minimax optimal lower bound on
the estimation of integrals under any level of noise. In the third subsection, a complete proof for the
upper bound on the estimation of integrals is given.

D.1 A Key Lemma for Establishing the Upper Bound on Integral Estimation

Lemma 6 (Bound on the Expected k-Nearest Neighbor Distance: Theorem 2.4, [69]) Assume
that ©1,xs,- - , T, are independent and identical samples from the uniform distribution on the
domain Q = [0,1]%. Forany k € {1,2,--- ,n} and z € Q, we use x, i) 10 denote the k-th nearest

neighbor of z among {x;}"_,. When z is also uniformly distributed over the domain ), we have the
Jfollowing upper bound on the expected distance between z and x (=) :
k

k

. - 2l < ()3
E. ey, 12— 20 ] S ()2, (D.1)

D.2 Proof of Theorem 4.1 (Lower Bound on Integral Estimation)

Here we present a comprehensive proof of the two lower bounds glven in Theorem [{.T] above by
applymg the method of two fuzzy hypotheses (Lemma|5). Below we again use Z := (21,22, , Zp)
and i := (y1,¥2, " ,Yn) to denote the two n-dimensional vectors formed by the quadrature points
and observed function values. Since our lower bound in Theorem d.T] consists of two terms, we need
to prove the two bounds in the following two separate cases:

(Case I) For the first lower bound in (4.1)), let’s consider two constant functions gg and g; defined as
follows: .
go()=0NVzeQ), r(z) =n"""2 Vz € Q) (D.2)

Clearly we have gg, g1 € C*(€2). Then let’s take jux to be a Dirac delta measure supported on the set
{g9;}.i.e, p({gr}) = 1, for k € {0,1}. By pickingc = A = 31, = $n~ 7~ zand By = B, = 0,
we then obtain that

po(f € WHP(Q) : Iy <c— A) = po(ly <0)=1=1-—fo,

pi(f € WP(Q) i Iy 2 c+ A)=pm(ly = 1) =1=1-p,

which indicates that (B.T) holds true. Now let’s consider bounding the KL divergence between the
two marginal distributions Py, P; associated with (g, 11, respectively. Given that the quadrature
points {x;}? ; and the observational noises {¢; } ; are independent and identical samples from
the uniform distribution on € and the normal distribution N'(0,n~27), we can write the marginal
distributions in an explicit form as follows:

D.3)

JR. = 1 N N— JE— - 1 L (yi—n 7732
Po(x,y) = H (me 2n—27 yz), ]P’l(x,y) = H (me 2n—27 (yi 2) ) (D4)

=1 =1

From (D.4) we can see that Py and P, are two n-dimensional normal distributions having the same
covariance matrix but different mean vectors. Computing the KL divergence between them and
applying Pinsker’s inequality then give us that

1 B n(n=7"2)2 1
V(PoP1) < iKL(POH]P’l) N "= T3 (D.5)
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Substituting (D.5), A = 51, = %n‘V‘% and 5y = f1 = 0 into 1| and applying Markov’s

inequality yield t e final lower bound

foabn (b ) —IfI]

Hen!, fecs(q)

inf sup E{xz oAy 1{

e 1) _If‘ >A] (D.6)

HeHl, fecs(Q)

Z }Igl 1-— TV(P()H]Pl) 60 - ﬂl

> A inf sup IP){:vz}z vt 1[
>

1 1
1 N1
n 2 >n 772

1
2 8

\}

which is exactly the first term in the RHS of (.1).

(Case II) For the second lower bound in @, our proof is similar to the proof of the second lower
bound in Theorempresented in Appendix above. Again, we select m = (200n)  and divide
the domain €2 into m< small cubes 1, Qy, - - -, Q,,4, each of which has side length m~!. For any

1<57< m?, we use c; to denote center of the cube €2;. Then let’s consider the same bump function
K defined in (B.3) and (B.4) above, which satisfies supp(K) C [—1, 1]? and K € C>([—3, $]%).

In an analogous way, for any 1 < j < m¢, we associate each cube Q; with a bump function f;
defined as follows:
m=* K (m(x — ¢;)) (x € Q),

fi(x) = {0 (otherwise), .

where supp(f;) C Q;, f; € C*°(Q) and f;(z) > 0 (V2 € Q). Then let’s consider the following
finite set of 2™ functions:

md

= {Zm’fj iy €{£1), V1< < md}. (D.8)

j=1

We will first verify that S C C*(12). Fix any element f, = Z;"jl n;f; € S. On the one hand, from
our construction of the f;’s given in (D.7) above, we have

D' m —HY DK o

nax D" fillpoe (o) = e, m | 2o (- 3.30
< max ||D'K|| -

_|t\§a[)§j | Iz (3,319

D.9)

On the other hand, forany 1 < i # j < m?, we consider the function 1; f; + ; f;, where the scalars
¥;,1; € {0,£1}. Now let’s may pick § := ﬁ, where {s} = s — |s] € (0,1) denotes the
fractional part of s. Given that f; € C°°(Q2), we may upper bound the Sobolev norm || - ||yy1.5 of the
function D*(v; f; + v f;) for any ¢t € N¢ satisfying || = |s] as follows:

4il? H

8 Al|Dt
HD waZ—Fz/JJfJ)HWw(Q) - +|¢J| H f]HW15(Q)

SH D' /; +ZH8(ET LB(Q +HDLSJfJ L5(Q;) ZHaxr iB(Qj)
> (m*sﬂtl DK (m(z — cl))>5dz 10
le{ig}

n Z Z/ s i DK(m(x—cl)))ﬁdx.
lefi,j} r=1 "
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From our choice of 8 and assumption on the bump function K, we may further upper bound the

Sobolev norm HDt Vifi + Ui f5) H as below:
WLB(
|ptwes + vt < Z mo [ (W)
iJi 3797 W1L.B(Q) 1efig) [—1,1)¢ md
B(~{s}) % F1
+ Z dm sup (D K(y)) —dy
;. t'<|s 1 —1 114 m
1e{i,j} [t|<[s]+ 3:32] (D.11)
< 2m_5{5}_dHDtKH6 + 2dmPU—{sH—d . sup HDt
LA([-35,5]") [t/|<|s]+1 =331
/ B
SR O ’
LA([=3.3]Y)  |¢|<|s)+1 LA([-%.3]9)

where the last 1nequahty above follows from our choice of 3. From @ and the second part of
the Sobolev Embedding Theorem (Lemma , we can deduce that D (¢, fi + 1, f;) € CH(Q) N

whte (Q) € C15}(Q) and the following inequality holds:

tin T, f < |\|Dt(x); ; if;
HD (¢Zfl +w]fJ)HC{S}(Q) ~ HD (wzfz +wjf.7)HW17ﬁ(Q)
o o 3 (D.12)
S| sw |P'K| sw ||DVK| ,
|t/]=1s] LA(=4.81%)  |¢r)=|s)+1 LA([=3-31"

Furthermore, combining (D.12) with our construction of the f;’s given in (D.7) above gives us that

|th*(z) — th*(y)‘

max sup

t=ls) o yeany [z =yl
D (ifi + 9 f;)(x) — D (Wifi + 5 f;
< mm o D! (v f +wjfj)”<w) z (Uufi+ 035,)(x)
<iAj< tl=s] Q T — S
iy €{0,£1} Fve Y
< (D.13)
< omax D) g
i, €{0,£1}
vl v I8 7
< sup ‘D ’ sup HD K’
[t/]=]s] LA([-3, f]d) [t/]=]s]+1 LA([-3,3]%)
Finally, adding the two inequalities and (D.13) gives us that for any f. € S, we have
D' fi(x) — D'f.(y)]
Fellosy = max || Dt £, Leo y + max  sup
[ fellos o) = e H|| [P pax  SW T lm— gl
< D'K oo 1
S iy WP e .1 (D.14)

1

8 B
+ | sup <1
[t']=|s] LA([-3,3]%)

From the arbitrariness of f., we can then deduce that S C C*({2), as desired. For any p € (0,1),
below we again use w, to denote the discrete random variable satisfying P(w, = —1) = p and

P(w, = 1) = 1 — p. Now let’s pick k = %/-= and take {w(o)}md1 and {w(l)}md1 to be
independent and identical copies of Wits and Wi« = respectively. Then we define p, ;41 to be

two discrete measures supported on the finite set S such that the following condition holds for any
ny € {£1} (1 <j <m):

pra,

+ sup HDt/
Pl=3,31)  |¢|=[s]+1

“’“Gi”jfj}) -1 Pw" =), k€ {0,1}. (D.15)
Jj=1 j=1
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Then we proceed to determine the separation distance A between the two priors jg and p. Similar

to what we did in the proof of Theorem [2.1} we need to first define the following quantity C' :=

va fj(x)dz, which remains the same for any 1 < j < m?. Moreover, applying @ helps us
J

evaluate the quantity C' directly as follows

C= fi(z)dx = m K (m(x — ¢;))dz
Q; Q, (D.16)

. 1 .
- K(y) o ady =m™ " Kl 1,419

(- 4.41¢
Moreover, by picking A = %, we may apply Hoeffding’s Inequality (Lemma [3) to the bounded
random variables {w§-0) }"Zdl and {w§-1) }”zdl to deduce that

P(§w§o> > (1- A)mdn) < exp ( _ M) ~ exp ( B lvkﬁmd),

(D.17)

d

(< 1) <o (- 2 <o (- )

By taking ¢ := 0, A := (1 — \)km?C and By = 31 = exp ( - %)\2/@2md), we may use (D.17
justified above to get that

d
- 1—(1—X\ 14+ (1—=\
,Uo(f c CS(Q) . If < C*A) :P<le;-0)fj < Mmdci Mde)
j=1

2 2
md md
> P(Z;wy)) <—-(1- )\)md/@) =1- P(Z}wﬁ-o) >—(1- )\)mdm)
j= j=

1
>1—exp ( — §A2f$2md) =1- 0o,

" 14+ (1-A 1—(1—A
pi(f €C3Q): If > c+A) :P<leg_1>f.7 > ymd@'— %Mc)
=1 77

d md

> P(me§l) >(1- /\)de> =1- P(ZMS’O) <(1- )\)mdn>
Jj=1 Jj=1

>1—exp ( — %)\QHde) =1-/0,

(D.18)
which indicates that (B.I)) holds true. Now let’s consider bounding the KL divergence between
the two marginal distributions Py, P; associated with pg, 11, respectively. Applying the fact that
{z1, -+ ,zn}and {€1,- - , €, } are identical and independent samples from the uniform distribution
on  and the normal distribution A/(0,n~27) allows us to write the marginal distributions in an
explicit form as follows:

11—k 1 (yi—Fj(23))2 1+k 1 (yitfj@i)?
Po(Z, ) = ( | | e + I | —e 227 >
(@) 2 V2mn = 2 V2mn = ’

j=1 i € i:x; €Q;

md 2 2
1+k 1 = f (@) 11—k 1 (it fi(ey)
m =1 ( RIS LY | et
E 2 lI,HEQ7 271—”_/\/ 2 ’L-:QT];IGQ]‘ 27Tn_’y
(D.19)
Furthermore, for any n fixed quadrature points & = (x1, 2, - ,2,), we use Px(- | £) to denote
the marginal distribution of the observed function values ¥ = (y1,y2, - ,¥») conditioned on & for

k € {0,1}. Since {x;}; are identically and independently sampled from the uniform distribution
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on €, we have that the two probability densities Py (Z, %) and Px (¢ | ) have the same mathematical
expression for any k£ € {0, 1}. Then we may further rewrite the KL divergence between the two
marginal distributions Py, P; as follows:

e o ([ RS
/sz /Q / / tog Plgg) (37|f)dyl"-dyn)dx1~-~dxn
[ (KL(P()(-m)ml(-m))dm...dx
(D.20)

It now remains to upper bound the KL divergence between the two conditional distributions Py (- | Z)
and P (- | Z) for any fixed £ = (x1,- - ,2,). In order to derive such an upper bound, we need to
introduce the following notations first. For any n quadrature points {xl}l 1» we use J,, to denote the
set of all indices j satisfying that ; contains at least one of the points in {z;}],, i.e,

)Po(a?, F)dys - - dyn)darl - day,

T = Tu(T) = {j 1<j<miand QN {zy, w0} # @}. (D.21)
Moreover, we use wg) to denote |7, |-dimensional vector formed by the random variables {w

j € Jn}and p‘(%)() to denote the probability density function of wa), where k € {0,1}. From

our assumption on the distribution of the weights {w§0) }7_1 and {w ; we have that for any

J 1>
&g, € {1},
0) _ (1+/{>%(1—wj)(1—/1>%(1+%‘)
pjn( ) g 9 9
J n 1 N . (1+ ) 1 L (1 ) (D22)
(1) . R\ 2 Wi — KR\ zUW—w
pg, (@ ')*,H(2> (2)
JE€EITn
Furthermore, for any fixed quadrature points ¥ = (z1,--- ,x,) and weights ¥z, = {w; : j €

Tn} C {£1}97], we may define the transition kernel G(Z, &7, ) as below

(yww,-fj(ww"’)

a0 = 11 ( I e ™5

JETn 1w E€EQ;

(D.23)

Combining the expressions in (D.19),(D.22) and (D.23) allows us to rewrite the two conditional
distributions Py (- | Z) as below:

PG =PuED) = [ G G, D24)
14 Tn

where k € {0, 1}. Applying the data processing inequality (LemmaEI) to (D.24)) above then enables
us to derive the following upper bound on K L (IPO (- | 2)||IPy (- | f)) for any n fixed quadrature points

Z=(x1,  ,Zn):
KL(Po(- | 2)Pa(- | 9)) < KL(5) 1 5)
= 17l(log (1) 5+l (0)5) @23
<o (122)

where the equality in l) above follows from the fact that {w§0) };”:dl and {w§.1) }m:d1 are inde-
pendent and identical copies of w Lin and Wik respectively. The last inequality of above,

however, is deduced from the fact that m? = 200n > n, which implies | 7,,| < n for any n quadrature
points {x;}"™ ;. Substituting (D.25) into (D.20) and applying Pinkser’s inequality yields the final
upper bound on the TV distance between IP’O and Py:
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V(Po||Py) < 1KL@ﬂ%%§¢/
Q
<

Finally, by substituting (D.16), (D.26), A = (1 — A\)xm?C and By = 1 = exp ( _ %/\QHde) -
exp(—52) < ¢ into (B.2) and applying Markov’s inequality, we obtain the final lower bound

inf  sup E{gcl Y v IUH({HU im1 {wihis 1) —Ifw

Hend recs (o)

> A inf sup P{xl Yo fwi, “H({xl T 1) —If‘ >A

Henf fecs(q) (D.27)
— TV (Po||P1) — Bo — 1 V2
2(17)\)/1de VIPollPy) = o =B 1 V2 -(200n)~9
2 23v/3n 6
2 VG 2 V/n(2000) K| gy g0 2087,
which is exactly the second term in the RHS of . Combining the two lower bounds proved in

(D-6) and (D.27) concludes our proof of Theorem

D.3 Proof of Theorem 4.2 (Upper Bound on Integral Estimation)

Before proving the upper bound on integral estimation, we need to derive an upper bound on the
expected error of the k-nearest neighbor estimator fj, NN, which is built based on the first half of the
given dataset {(z;, y;)}"_,, with respect to the L? norm. From our construction of f; xn given in

Section 4.2} we have that for any fixed § quadrature points {x; }l 1,2 €Q and ke{l,2,---,%

the expected value of fk N~ (2) with respect to the observational noises {¢;}2 ; is given by

1< 1
E{El}i:jkaN } %Z 2 { T, +€(Z)}:EZ 9:<) (D.28)

J

where {2, }%_, above are the k nearest neighbors of z among {x;} 2. Now let’s consider using
J

the bias-variance decomposition to upper bound the error || frn(z) — f(2)]|? 72(q)- Based on the

expected value computed in l) above, we may decompose the function fk_NN — f as a sum of the
bias part and the variance part as follows:

f:( (0) ))7 (D.29)

w\r—‘

Lk
B(z) := E{e [kaN( } %Z x(z>

??‘\»—t

) ) Lk k
V(2) := frenn(2) — E{ei}il [fk-NN(Z)} Frnn( -z z:: . (z) z:: ), (D.30)

where the function B corresponds to the bias part and the function V' corresponds to the variance
part. Using the decomposition fy.xny — f = B + V allows us to upper bound the expected error of

30



fk_NN with respect to the L? norm as below:

Bk, [ = Flen] = Bk, (1B + Vi

<K i ot (1Bllz2@) + V2 ]

MH

T 2 2 (D.31)
<E 13 oot 21813 + 21V

SE i oot IVIEwe] +Epyz o2 [1Bl)]
_ n n 2
o Ezv{xi} {51 |:|V( )| :| +E27{7"i}?=17{€i}1‘2=1 |:‘B<Z)| :|,

where z above is uniformly distributed over the domain €2 and independent of z; forany 1 <7 < 2,
On the one hand, using the expression of the variance part V' derived in (D:30) above and the fact that

{ez} >, are independent and identical distributed noises, we may compute the first term in
above as follows:

B oenf et ['V( ) } E. [E{xz}t e U Z“‘”

1 b D.32
_EZ[]@E{I 7 1${61 2, [ZG(Z)‘|] ( )

Jj=1

~E. [Lhk} 7
k2 k
On the other hand, since s € (0, 1) and the given function f is s-Holder smooth, we have that the
inequality |f(x) — f(y)| < |lz — yl||® holds true for any z,y € . Combining this inequality with
the expression of the bias part B derived in (D-30) above helps us upper bound the second term in

(D:37) as below:
k 2
Btk ['B( F] =E- [E{x ek Uilgz_:( 7ig0) - 1)) H
1 K 2
<1g, [E{zi};l [Z Pl o) - £02) H

k
1 2s
<2 3 | S fae - D.33
~ k]EZ [E{$L}121 [j—l ‘xZ; ) i ‘|‘| ( )

<E n
- z{w; izll
2]\ ° N
< (B, n, [l - f]) =B
ERCI R n

The second least inequality follows from the fact that w(¢) := ¢° is a concave function when s € (0, 1),
while the last ineg uahty is obtained by plugging in (D.I) given in Lemmal6] Substituting (D.32)
and into ( then yields that for any & € {1,2,--- , 3}, the expected error of fk NN With
respect to the L? norm can be upper bounded as follows:

ZL’i;z) —Z

Eiont ot [ fim = Fleqey| S+ (%)7 (D.34)

Furthermore, from our construction of the 1ntegral estimator Hj, .y given in Section . we may
upper bound the expectation of the estimator Hinn's squared error via the expected error of fk NN
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with respect to the L? norm as below:

E{xi}?zl’{yi}?:l l ‘ﬁk’-NN <{xi}?:17 {yz}?:l) - If’Q]

n

- E{xi}?:p{yi}?zl [ /ka—NN(l’)de + % _ Z ( fk NN (24) / flz ]

sk, 1"1{153{%}“1“,[ Z (£ws) = Fronnlers) - /Q (F(z) fk_NN(x»dx)fH

{yz}Z:%Jrl

{yz i=1

p— 2

JrE{:cz'}?:p{yi}?:l Un Z € ]
=241

E{zz}l 17{y2}1 1 [nQ Z E:ﬂz[

=241

Z E,, yz[ 2} S - (E{x 3k [”kaN - fHQLZ(Q):| —&-n_Q'V)

1—"+1

—2 2s
< 1(” e
n k n
(D.35)

Based on the magnitude of the noises, we have the following two cases for the final upper bound:
2s

(%) " in(D3s)
& 2(s—~d)

= (H) T k= ©(n~ @25 ). The corresponding upper bound is given by

( () = frnn(ai) — /Q(f(ﬂ?) - fk-NN(x))dJJ) ’2H

When « € [0, §), the optimal k is determined by balancing the two terms *

2s

1 /=2 k% 1 2(s—~d) 2s(1+27)
7( 4 (7) d ) T o Tl 12y o R 2y
n n

' ' (D.36)
5 max{n_ 25;1‘13’”_17”_27_1} = ’}’L_Q’Y—l.
Wheny € [%’ oc], we note that k € {1,2, -, %} must be of at least constant level. Therefore, the

optimal £ is determined by balancing the two terms 2 ~ and n~27=1, which yields that K = ©(1)
is of constant level. The corresponding upper bound is given by

2s

—2 2s
l(” Y N (E> d ) Ll < . + 21
n ~Y

n\ k (D.37)
< max{nf%fl,nfwfl} =n @1
Finally, substituting (D.36)) and (D.37) into (D.33) gives us the final upper bound:
E{xi}?:l,{yz‘}?zl “ﬁk-NN ({%'}?:17 {yi}?:1> - If”
A 2

< B, ’Hk-NN (W}?:v {yi}?ﬂ) — I ‘ (D.38)
SV () ) et s e )
= pmax{-3—v—3-3}

which concludes our proof of Theorem #.2]
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E Construction of the Oracle in Assumption [3.1]

For the cases when s > %, the optimal function estimator for any € [1, 0o) is already constructed in a

. . sy (i_1 .
series of earlier work [49][50]], whose convergence rate has aleardy been proved to be (n™ @ )+ )"
Hence, here we only need to focus on the cases when s € (%, %). Our goal is construct a desired
], the convergence rate of function estimation is

oracle such that for any r satisfying 1 € (d;(fp '
— s34 % _1

givenby (n” @ )" up to logarithm factors. We need to introduce a few notations and key lemmas
in the following two subsections beforehand.

E.1 Preliminaries and Notations

We introduce a few notations used in our proofs in this subsection. For any compact region R C R,
the diameter R is defined as diam(R) := sup,, ,cr ||* — y||. Moreover, for any two compact regions
Ri, Ry C RY the distance dist(R;, Ry) between them is defined as dist(R1, Ra) := ||cr, — CR,|lcos
where || - ||« denotes the I, norm in R¢ and cg, , cg, are the centroids of Ry, Ry respectively. For
any collection of n data points P := {x1, 22, - , 2, }, we use p(P, Q) to denote the covering radius
of Pin Q = [0, 1], which is defined as follows:

p(P, Q) = 21618 lérgnny—xln (E.1)

E.2 Key Lemmas
In this subsection, we first list corollaries of some well-known theorems as lemmas used in our proofs.

Lemma 7 (Bramble-Hilbert Lemma) For any s € N and w € W?*P(Q), there exists some poly-
nomial w with deg(m) < s — 1, such that for any k € N and 0 < k < s, the following inequality
holds:

[u = 7llwroo) S diam(Q)*~F|lullwenq) (E.2)

Lemma 8 (Gagliardo-Nirenberg interpolation inequality) Fixs € N,p € [1,00) and r € [1,0)
such that + € (d;;p, S| Let6 = %(% — 1) € (0,1) such that the relation 5 = 0( — %) + (1 — 9)%,
holds. Then we have the following inequality:

lullzr) S Nulliyes o lull (g (E.3)

Now let’s proceed to list some other results developed in earlier works [66} 67, [70] as lemmas used
for constructing the oracle here.

Lemma 9 (Bound on the covering radius (Theorem 2.1 in [70])) Given P := {x1, - ,x,} sam-
pled independently and identically from the uniform distribution on Q = [0, 1]%, we have that there
exist constants c1,co > 0 and oy > 0, which are all independent of n, such that the following
inequality holds for any o > «:

]P’(p(P, Q) > e (O‘log”) ) < pl=caa (E.4)

n

Lemma 10 (Properties of the moving least squares estimator (Theorem 4.7 in [67]])) For any
given collection of n points P = {x1, -+ , x, } with covering radius p(P,Q), there exist constants
a1, as independent of n and continuous functions u,, : Q@ — R (1 < < n), such that

o w(y) =i w(xi)ug, (y) for any y € Q and any polynomial 7 with deg(m) < s — 1

© Y lue, (y)] < a1 foranyy € Q
* u(y) =0foranyy € Qand x € P with ||x — y|| > azp(P, Q)
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Based on the functions u,, (1 < ¢ < n) given in Lemma |10} one may define a function estimator
K, = 71({xi}?:1v {f($1)}?:1) of f as Kn({zi}?:la {f 931)}?:1) = Zi:l f(lV)uau Such an
estimator is obtained via the moving least square approximation, which was first proposed in [[66].
One may refer to [67]] for more detail about it.

In addition, we also need upper bounds on the moments of any binomial random variable, which is
given as the lemma below.

Lemma 11 (Bound on the moment of binomial random variable ([71,(72])) Let Z ~ Bin(m, p)
be a binomial random variable binomial distribution with parameters m and p. Then for any k € N,
the k-th moment B[Z*] of Z can be upper bounded as below:

k / k k
E[Z*] < (c a1 ) n'ip)) (E.5)

where ¢’ > 1 above is some universal constant.

E.3 Construction of the oracle and proof of its convergence rate

Finally, we will explain how the desired oracle is constructed and present a complete proof of its
convergence rate in this subsection. We remark that our proof is similar to the one presented in
section 2.1 of [49].

Let ¢y, 2, a0, a1, a2 be the positive constants specified in Lemma [9] and Lemma [T0] above. We
pick a > 0 to be sufficiently large such that o > max{«p, é(2 + 5 - %)}, which implies that
1

1 —coa < =% + 7 — 1. Now we pick k = min{ﬁ( i )37(21:?)%} and divide 2 = [0, 1]¢

c1 ‘alogn

into small cubes C1, Cy, - - - , Cja, each of which has side length k! > 201(%)5. Furthermore,
since the observed data points X, := {z;}_; are i.i.d samples from the uniform distribution on €2,
we may define A to be the following event:

A= {Xn:|XnﬁCl|21,v1§l§kd} (E.6)

For any 1 < | < k% we use B; to denote the event {X, : |X, NC)| > 1}. Then we have

A= ﬂf:dlBl by definition. Based on A defined above, we may describe our choice of the oracle K,, =
Kp({z:}1,{f(x:)}7) as follows: When A is false, we simply pick K,, ({z;}71, {f(z:)}_;) to
n

be the zero function. When A is true, we pick K, ({z;}7q, {f (@) }i=1) == >, f(@i)us, to be
the moving least square estimator specified in Lemma [I0]above.

Before proving that the estimator given by the oracle above satisfies the desired upper bound, let’s
firstly derive lower bound the probability P(A) at first. We may apply the assumption k¢ < 52

2logn
above and union bound to deduce that
k4 1
d d C C n
P(A) =P(NZ,B) =1 -P(UL,BY) > 1— Y P(Bf) =1-k*(1— 7
=1 (E.7)
1 4\ 7a n n 1 1
:1—kd(1——’f)k >1—hle it >1— L _p~2logn _q _ >
( kd) - e = 210gne 2nlogn — 2

Moreover, we also need to derive an upper bound on the probability P(A€) via Lemma@ We use
E to denote the event that {Xn s (X, Q) > %} Below we will firstly justify that E implies A€,

which indicates that P(A¢) < P(E). For the sake of contradiction, assume that A and F both hold
true. Then for any point y € €, there must exist some x;, € X, and some [, € {1,2,---, k?}, such

< diam(Cy,) < Vd, Taking
supremum with respect to all y then implies p(X,, Q) < %, which contradicts the definition of F.

Therefore we must have P(A¢) < P(E). Applying our assumption &k < \C/—la ) 7 and Lemma@
above further implies that

that {y, 2;, } € C},. This implies that infy<;<,, |y — 2| < ||y — x4,

34



n

P(A°) < P(E) = P(p(X,, ) > g) < n»<p<xm Q) > ¢ (‘”"g”) 3) Snlvee (B3

Using the law of total expectation and the two upper bounds derived in[E.7 and [E.8|above, we may
obtain the following upper bound on the error of the function estimator K, as follows:

Efeayp, [IKa({z: i {F@)Vo)) = flr o)

=B, || s - 1] | A| B+ By, [10 = Fll e [ 4°] LAY
S/ E{u 1 Z f(xl)umq - f L () A ]P(A) + ||f| 2"(9)”1762&
L i=1 i
SE Jue — | |A| 4nEE
{zi}, Z f(xz)ua:l f Lr(9) +n (E.9)

Blayr, | 12000 f (@), —
< L
B P(4)

<oy, U! S fwur, — f
1=1

SEgg, M 3 o, - 1]
i=1

sty r_q
_7+;_
Lr(gl)

T sr |
L@yl
L7 ()

where the second inequality above follows from our assumption a > max{cq, -2+ 55— o))
specified earlier. From the last expression above, we can see that now it suffices to show that the first
sz

termE, yn {H Yo f(@)ug, — f||2T(Q)] in the last expression above is no larger than n~
up to constants and logarithm factors.

Moreover, for any 1 < [ < k%, we define AV to be a collection of "neighbors" of the cube C; as
below:

. d n 1

N = {cj - dist(C;, C)) < max{as, 1}\£(alogn)d} (E.10)
Correspondingly, the union of all the cubes in N is defined as M; := U, en; C;. Since the distance
between any two cubes is measured by the [, distance between their centroids, we may deduce that
each M, remains to be a cube forany 1 <[ < k<. Also, the number of cubes in each A can be upper
bounded by some constant C,. independent of n, which implies that the diameter of each M satisfies
diam(M;) < k~*. Then for any 1 < I < k%, we may apply Lemmaabove to deduce that there
exists some polynomial 7; such that deg(m;) < s — 1 and the following two inequalities hold:

Ilf - ﬂ'l”Ws,p(Ml) S Hf”WS‘p(Ml)

: . . (E.11)
If = milleeany = I1f = millworagy S diam(M)* || fllwerany S5 fllweran)

Combining the two inequalities above with Gagllardo—Nlrenberg interpolation inequality [E3]listed
in Lemma further implies that for any 1 < [ < k¢,

If S (17 = lfyemqaaplf = ml ) S E O yenagy  E12)

Using the first and third property of the moving least square estimator listed in Lemma[I0]above, we
may deduce that the following inequality holds for any 1 < I < k% and any y € C;:
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=1 i=1
—fw) —m@) = 3 (F@) = ma)ua )|
ix, €M
< (\(f—m(y)\ + > \(f—m><x7;>um<y>]>
i:x; €M

< (1414 ﬂMzI)HQ(f “m)@)| + X[ ) )

< max{l, | X, N Ml|’“*1} -max{1,aj} - (‘(f — Wl)(y)’T + ) Z ’(f — ) (x;) T)

< ma {1,126, 0 0471} (\(f —mw)| + X |(F-m@) )
pret (E.13)

By rewriting || >, f(@i)uq, — f HET(Q) as an integral and plugging in the inequality derived above,
we then obtain that
T
dy

r) dy]

D f@u (y) - f(y)
i=1

SE@ar, Lkgfc ma {112, 0 24 H(|( = m)@)| + 3 | - m)a)

x; €M
kd
SN
~Y
1=1 \7&

+ kZE{wi}:;l lmax{l, | X, N Ml|T*1}< Z ’(f — ) ()
=1

1, €M

]E{xi};":l [H z": f@i)ug, — f‘
i=1

(f - m)(y)‘rdy> Bz, [max {1’ |%n O er_lH

T)kd}

}Cd'

< Z If - 7Tl||27‘(Ml)]E{111 =1 [1 + [&n N Ml|r_1}
=1

+ k_diE{ri};Ll lmax{l’ |X, ﬁMl|T_1}< Z ‘(f ) () 7‘)]
=1 i€ M,

(E.14)
Before deriving upper bounds on the final expression in [E.14] let’s consider bounding the two
expectations E(, yn [\Xn N Ml|“1] and Eq;qn {|Xn N Mld (1 <1< k9) at first. Given that
the datapoints X,, = {z;}_; are i.i.d samples from the uniform distribution on €2, we have that
each |X,, N M;| ~ Bin(k?, p;) is a binomial random variable, where |V;| < ¢, = p; < £ for any
1 <1< k% Applying Lemmall1]above then yields that for any 1 < [ < k%:

1 , r—1 r—1 , r—1 r—1
Egayn, [\Xn N M| ] < (0 117-1) < (C 117;1) ,
og(l+ 7-) og(l+ =)

E{xi}?’zl [|Xn N Ml|r} < (C/M)T < (Cllog(l:—;)>r

(E.15)
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where the two upper bounds in[E-T5]are all constants independent of the sample size n.

d
Secondly, we need to derive an upper bound on the summation Zle If = il (ar,- Recall our

definition of the cubes M; (1 <1 < kzd), we can deduce that each small cube C; is contained within
at most constantly many big cubes M;. That is to say, there exists some constant ¢, independent
of sample size n, such that |l : C; C M;| < ¢, forany 1 < i < k% By combining this fact with
inequality [E.12| proved above, we can deduce that

lef—mllmM, <Z’f_”(1 N f e agy = k=42 Z Yo Mo,

=1 i:C; €M,

0SS S i A0S ey E16)
i=1

= 1ZCEML
k4 r
< kK sr(1—0) Z ”fHWS »(C3) <k~ sr(l— 9)(2 Hf||€vep(cb))p — k_‘”’(l_g)”erWs,p(Q)
=1

Furthermore, to derive the final upper bound, let’s simplify the second term in[E.T4]and try to upper
bound it. Using the law of total expectation again, we have that

k4 ‘
kidZE{m}?’:l [max{la ‘Xn li|T71}< Z ‘(f - 7Tl)(xi) )]
=1 i, EM;
K4 k4
=k Z Z ]E{Ii}?:1 [max {1, | X, N Ml|T—1}.

=111, ,ln=1

( 3 ‘(f—m)(xi)r) 2 €C), :vneCl] P(zy € Cyy,-+ ,2q € C1,)

i:x; €M,

=k~ dz Z max{l | X N M7~ 1 Z / f=m)( )Tdmi)
C,

=111, = ix, €M
-P(:Bl ECl1,~-- , T eCln)

-
3 S me{u o} (X 1wl

I=1 11, dp=1 i €M)

~]P’(1’1 S Clu"' , Ty € Cln)
k4 k4

<k Y max {1, X, N Ml|“1}(\é’(n Nl S f - wl||gT(cj))
=1 1y, Ly =1 C EN,

-P(.’L‘lecll,“- a:nECl )

kd
<k 1y ( Z maX{L X, N Ml\T}]P’(ml €Cy,  ,an€ cln)> 1 = mll%
=1

Iy iln=1

k
= kY By, | max {112 O = mllf
=1

<K B, [+ 1% 0 M 11 =l
(E.17)
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Finally, by substituting the bounds derived in [E.13} [E.16] [E.T7]into [E.T4] we may further plug in our
choice of k and ignore the logarithm terms to obtain the desired upper bound:

k}d

] SA+EYY N = mlir o

L™ () =

Ezyp, lH i flzi)ug, — f‘
=1

kd
SO = mllirany SETCONf e
=1

—sr(1-4(L-1)) sro
< (( n %) (=56 < g FHE-1
~ \‘logn ~

(E.18)

where we ignore the logarithm term in the last step above. This concludes our proof of the convergence
rate of the oracle we specified above. Substituting into[E.9] completes our proof of Assumption
B1
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