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Abstract

Existing theories on deep nonparametric regression have shown that when the input data
lie on a low-dimensional manifold, deep neural networks can adapt to the intrinsic data struc-
tures. In real world applications, such an assumption of data lying exactly on a low dimensional
manifold is stringent. This paper introduces a relaxed assumption that the input data are concen-
trated around a subset of R? denoted by S, and the intrinsic dimension of S can be characterized
by a new complexity notation — effective Minkowski dimension. We prove that, the sample com-
plexity of deep nonparametric regression only depends on the effective Minkowski dimension
of S denoted by p. We further illustrate our theoretical findings by considering nonparametric
regression with an anisotropic Gaussian random design N(0,Y), where ¥ is full rank. When the
eigenvalues of ¥ have an exponential or polynomial decay, the effective Minkowski dimension
of such an Gaussian random design is p = (9(\/@) or p = O(n?), respectively, where n is the
sample size and y € (0,1) is a small constant depending on the polynomial decay rate. Our the-
ory shows that, when the manifold assumption does not hold, deep neural networks can still
adapt to the effective Minkowski dimension of the data, and circumvent the curse of the ambient
dimensionality for moderate sample sizes.
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1 Introduction

Deep learning has achieved impressive successes in various real-world applications, such as com-
puter vision (Krizhevsky et al., 2012; Goodfellow et al., 2014; Long et al., 2015), natural language
processing (Graves et al., 2013; Bahdanau et al., 2014; Young et al., 2018), and robotics (Gu et al.,
2017). One notable example of this is in the field of image classification, where the winner of the
2017 ImageNet challenge achieved a top-5 error rate of just 2.25% (Hu et al., 2018) using a train-
ing dataset of 1 million labeled high resolution images in 1000 categories. Deep neural networks
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have been shown to outperform humans in speech recognition, with a 5.15% word error rate us-
ing the LibriSpeech training corpus (Panayotov et al., 2015), which consists of approximately 1000
hours of 16kHz read English speech from 8000 audio books.

The remarkable successes of deep learning have challenged conventional machine learning
theory, particularly when it comes to high-dimensional data. Existing literature has established

(25+d)/s for learning s-Holder functions in

a minimax lower bound of sample complexity n > €~
R? with accuracy e (Gydérfi et al., 2006). This minimax lower bound, however, is far beyond
the practical limits. For instance, the images in the ImageNet challenge are of the resolution
224x224 = 50176, while the sample size of 1.2 million is significantly smaller than the theoretical
bound.

Several recent results have attempted to explain the successes of deep neural networks by tak-
ing the low-dimensional structures of data into consideration(Chen et al., 2019, 2022; Nakada and
Imaizumi, 2020; Liu et al., 2021; Schmidt-Hieber, 2019). Specifically, Chen et al. (2022) shows that
when the input data are supported on a p-dimensional Riemannian manifold embedded in RY,
deep neural networks can capture the low-dimensional intrinsic structures of the manifold. The
sample complexity in Chen et al. (2022) depends on the intrinsic dimension p, which circumvents
the curse of ambient dimension d; Nakada and Imaizumi (2020) assumes that the input data are
supported on a subset of R? with Minkowski dimension p, and establishes a sample complexity
similar to Chen et al. (2022). Liu et al. (2021) considers a classification problem, and show that
convolutional residual networks enjoy similar theoretical properties to Chen et al. (2022).

Considering the complexity of real world applications, however, the assumptions of data lying
exactly on a low-dimensional manifold or a set with low Minkowski dimension are stringent. To
bridge such a gap between theory and practice, we consider a relaxed assumption that the input
data X are approximately supported on a subset of R? with certain low-dimensional structures
denoted by S. Roughly speaking, there exists a sufficiently small 7 such that we have P(X ¢ S) =,
where S can be characterized by a new complexity notation — effective Minkowski dimension.
We then prove that under proper conditions, the sample complexity of nonparametric regression
using deep neural networks only depends on the effective Minkowski dimension of S denoted by
p. Our assumption arises from practical motivations: The distributions of real-world data sets
often exhibit a varying density. In practice, the low-density region can be neglected, if our goal is
to minimize the L, prediction error in expectation.

Furthermore, we illustrate our theoretical findings by considering nonparametric regression
with an anisotropic multivariate Gaussian randomly sampled from N(0,Y) design in R?. Specif-
ically, we prove that when the eigenvalues of ¥ have an exponential decay, we can properly con-
struct S with the effective Minkowski dimension p = min(O(\/@), d). Moreover, when the eigen-
values of ¥ have a polynomial decay, we can properly construct S with the effective Minkowski di-
mension p = min(O(n?,d)), where y € (0,1) is a small constant. Our proposed effective Minkovski
dimension is a non-trivial generalization of the manifold intrinsic dimension (Chen et al., 2022)
or the Minkowski dimension (Nakada and Imaizumi, 2020), as both the intrinsic dimension or
Minkowski dimension of the aforementioned S’s are d, which can be significantly larger than p
for moderate sample size n.



An ingredient in our analysis is an approximation theory of deep ReLU networks for g-Holder
functions (Yarotsky, 2017; Nakada and Imaizumi, 2020; Chen et al., 2019). Specifically, we show
that, in order to uniformly approximate f-Hélder functions on a properly selected S up to an €
error, the network consists of at most O(e P/#) neurons and weight parameters, where p is the
effective Minkowski dimension of the input data distribution. The network size in our theory
only weakly depends on the ambient dimension d, which circumvents the curse of dimensionality
for function approximation using deep ReLU networks. Our approximation theory is established
for the L? norm instead of the L* norm in Nakada and Imaizumi (2020); Chen et al. (2019). The
benefit is that we only need to approximate the function accurately on the high-density region,
and allow for rough approximations on the low-density region. Such flexibility is characterized
by our effective Minkowski dimension.

The rest of this paper is organized as follows: Section 2 reviews the background; Section 3
presents our functional approximation and statistical theories; Section 4 provides an application
to Gaussian random design; Section 5 presents the proof sketch of our main results; Section 6
discusses related works and draws a brief conclusion.

Notations Given a vector v = (vy,...,v;)"T € R, we define ||v||5 =) jvjIP for p €[1,00) and ||v||, =
W;j|. We define the number
of nonzero entries of v and W as ||v||y and ||W||,, respectively. For a function f(x), where x € X C

max; [v;|. Given a matrix W = [W;;] € R™", we define || W||, = max;

R?, we define lf]l, = maxyey |f(x)]. We define ”f”i?(P) = foz(x)p(x)dx, where P is a continuous
distribution defined on X with the pdf p(x).

2 Background

In nonparametric regression, the aim is to estimate a ground-truth regression function f* from
i.i.d. noisy observations {(x;,;)}:_;. The data are generated via

vi=fr(x;)+ &,

where the noise &;’s are i.i.d. sub-Gaussian noises with [E[;] = 0 and variance proxy 02, which are
independent of the x;’s. To estimate f*, we minimize the empirical quadratic loss over a concept

class F,i.e.,

n

Feargmin -y (F(x) - ). (1

fE]: n i=1

We assess the quality of estimator fthrough bounding L? distance between ]?and f*, that s,

- ;(Pdm) < y(n).

Here y(n) is a function of n describing the convergence speed and Py,;, is an unknown sampling
distribution ofthe x;’s supported on Dg,¢,.



Existing literature on nonparametric statistics has established an optimal rate of y(n) < T,
when f* is a-smooth with bounded functional norm, and F is properly chosen (Wahba, 1990;
Altman, 1992; Fan and Gijbels, 1996; Tsybakov, 2008; Gyorfi et al., 2006).

The aforementioned rate of convergence holds for any data distribution Py,,. For high-dimensional
data, the convergence rate suffers from the curse of dimensionality. However, in many practical
applications, Py,;, exhibits important patterns. For example, data are highly clustered in certain
regions, while scarce in the rest of the domain. In literature, a line of work studies when Pg,¢,
is supported on a low-dimensional manifold (Bickel and Li, 2007; Cheng and Wu, 2013; Liao
et al., 2021; Kpotufe, 2011; Kpotufe and Garg, 2013; Yang et al., 2015). The statistical rate of
convergence y(n) in these works depends on the intrinsic dimension of the manifold, instead of
the ambient dimension. Recently, neural networks are also shown to be able to capture the low-
dimensional structures of data (Schmidt-Hieber, 2019; Nakada and Imaizumi, 2020; Chen et al.,
2022).

As mentioned, aforementioned works assume that data exactly lie on a low-dimensional set,
which is stringent. Recently, Cloninger and Klock (2020) relaxes the assumption such that data are
concentrated on a tube of the manifold, but the radius of this tube is limited to the reach (Federer,
1959) of the manifold. In this paper, we establish a fine-grained data dependent nonparametric
regression theory, where data are approximately concentrated on a low-dimensional subset of the
support.

To facilitate a formal description, we denote Dg,;, as the data support. Given r, t > 0, we define

N(r; 1) ::irslf{Nr(S) :S CDyata With Pyaa(S)> 1 -1},
where N, (S) is the r-covering number of S with respect to L* distance.

Assumption 1. For any sufficiently small r,7 > 0, there exists a positive constant p = p(r, 7) such
that

logN(r;7)

< .
—logr <p(n7)

Furthermore, there exists S C Dy,;, such that
N,(S) <cogN(r;t) <cor?

for some constant ¢y > 1, Py,1a(S€) < T and |x;| < Rg for any x = (xq,...,x4) € S and some constant
RS > 0.

We next introduce Holder functions and the Holder space.

Definition 1 (Holder Space). Let > 0 be a degree of smoothness. For f : X — IR, the Holder norm
is defined as

L — 0% ’
fll34p,2) :=  max sup|0®f(x)|+ max sup 0% f (x) flx )|.
» a:||06||1<|ﬁJ xeX 0(I||a||1:|_ﬂjx,x/€){’x¢x; ||x_x,||£o—|_ﬁj

Then the Holder space on X is defined as
H(B,X) ={f € CLUX) I fllyyp.2 < 1)
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Without loss of generality, we impose the following assumption on the target function f*:

Assumption 2. The ground truth function f*: Dg,;, — R belongs to the Holder space H(f, Dgata)
with g €(0,4).

Although the Holder norm of f* is assumed to be bounded by 1, our results can be easily
extended to the case when ||f*|lg p, ) is upper bounded by any positive constant. In addition,
B < d is a natural assumption. Given that ambient dimension 4 is always large, it is unusual for
regression functions to possess a degree of smoothness larger than d.

Our goal is to use multi-layer ReLU neural networks to estimate the function f*. Given an
input x, an L-layer ReLU neural network computes the output as

f(x)=W,-ReLU(Wy_;---ReLU(Wyx +by)---+ by 1)+ by, (2)

where Wy,..., Wy and by,...,b; are weight matrices and intercepts respectively. The ReLU(-) acti-
vation function denotes the entrywise rectified linear unit, i.e. ReLU(a) = max{a, 0}. The empirical
risk minimization in (1) is taken over the function class F given by a network architecture.

Definition 2 (Function Class Given by a Network Architecture). Given a tuple (L, B,K), a func-
tional class of ReLU neural networks is defined as follows:

F(L,B,K):={fIf (x) in the form of (2) with L layers,||flloc < 1, Willeo <B, llbillo < B

L
fori=1,..,L, ) [IWillo+Ibillo <K}
i=1

3 Approximation and Generalization Theory

In this section, we present generic approximation and generalization theory and defer detailed
proofs to Section 5.1 and 5.2 respectively. Firstly, we introduce the approximation theory of uti-
lizing deep neural networks to approximate Holder functions. The approximation error is de-
termined by effective Minkowski dimension of data distribution and probability of low-density
area. Furthermore, we present the generalization error when approximating regression function
f*. The convergence rate also depends on effective Minkowski dimension.

Theorem 1 (Approximation of deep neural networks). Suppose Assumption 1 hold. For g >0 and
any sufficiently small €, 7 > 0, consider a tuple (L, B,K)

L=Cy, B=O(RY ™), and K = Cy(Rgd)Pe /¥,
where Rg > 0 and p = p(d~'€'/#/2,7) are given by Assumption 1, and
C,=0(), C, = O(d2+LﬁJ), and s = s(p).
Then for any f* € H(p, Dgata), we have

inf — 1P <e?+4r.
cnt W=



The novelty of Theorem 1 is summarized below:

Dependence on Effective Minkowski Dimension. The approximation rate in Theorem 1 is
O(K~P/P), which only depends on effective Minkowski dimension p < d and function smoothness
B, but not on ambient dimension d. Compared to Yarotsky (2017), our results improves the ex-
ponential dependence of neural network size on d to that on p. Moreover, unlike Nakada and
Imaizumi (2020) and Chen et al. (2022), our results do not require that data distribution is exactly
supported on a low-dimensional structure. Instead, our results can work for data distribution
with high-dimensional support as long as its effective Minkowski dimension is relatively small.

Relaxation to the L?-error. The approximation error in Theorem 1 is established with respect
to the L?(Pg,,) norm, while most of existing works focus on the L™ error (Yarotsky, 2017; Nakada
and Imaizumi, 2020; Chen et al., 2019). Intuitively, it is not necessary for the network class to ap-
proximate the function value at each point in the domain Dgy,, precisely when data distribution is
highly concentrated at certain subset. Instead, it suffices to approximate f* where the probability
density is significant, while the error for the low-density region can be easily controlled since the
regression function f* and the neural network class f € (L, B,K) are bounded.

The benefit of using the L? error is that, we only need to control the approximation error of
f* within some chosen region S C Dy,,. Here S has an effective Minkowski dimension p, which
ensures that it can be covered by O(r7?) hypercubes with side length r. Then we design deep
neural networks to approximate f* within each hypercube and thus the network size depends
on the number of hypercubes used to cover S. This explains why network size in Theorem 1
depends on p. Meanwhile, the probability out of S is negligible since the data density is low. We
further demonstrate that this probability 7 is far less than the approximation error in Section 4.
By this means, we succeed to reduce the network size and at the same time achieve a small L2
approximation error.

We next establish the generalization result for the estimation of f* using deep neural networks.

Theorem 2 (Generalization error of deep neural networks). Suppose Assumption 1 holds. Fix
any sufficiently small r,7 > 0 satisfying r < Rg and 7 < r*#/4. Set a tuple (L, B,K) with C;,C; and s
appearing in Theorem 1 as

L=Cy, B=O(REr ), and K = C,REr P
with p = p(r, 7). Let fbe the global minimizer of empirical loss given in (1) with the function class
F =F(L,B,K). Then we have

— . 0.2 R p R /rp
IE“f—f||%z(pdm)=O(T+ar2f5+7(75) o[22 )

rf —4r
where O(-) hides polynomial dependence on d.

Theorem 2 is a statistical estimation result. It implies that the generalization error also de-
pends on effective Minkowski dimension p. To establish this result, we decompose the squared
error into a squared bias term and a variance term. The bias is tackled with the approximation
error in Theorem 1 and the variance depends on the network size. With the network size growing,



the variance term increases while the bias term decreases, since the approximation capability of
neural networks is enhanced as the size of the network enlarges. Therefore, we need to trade off
between the squared bias and the variance to minimize the squared generalization error.

Notably, our analysis in Section 3 holds for any sufficiently small 7 and r, and every pair of
T and r determines a p. As shown in Assumption 1, if 7 and r decreases, the covering number
will become larger while the approximation can be more accurate. In order to establish an ex-
plicit bound, we need to trade off 7 and r for the given sample size n. Therefore the “optimal” p
eventually becomes functions of n. We call such an “optimal” p effective Minkowski dimension.

In the next section, we give two specific classes of Gaussian random designs to illustrate how
effective Minkowski dimension p(r, 7) scales with r and 7. We further show that, under a proper
selection of the region S and the covering accuracy r, the convergence rate for the estimation of
f* using deep neural networks is O(n~2P/(2B+P)), where the effective Minkowski dimension p is
properly chosen.

4 Application to Gaussian Random Design

In literature, it is common to consider random Gaussian design in nonparametric regression (An-
derson, 1962; Muller and Stewart, 2006; Chatfield, 2018). In this section, we take anisotropic
multivariate Gaussian design as example to justify Assumption 1 and demonstrate the effective
Minkowski dimension. Here we only provide our main theorems and lemmas. The detailed proofs
are given in Section 5.3.

Consider a Gaussian distribution Py,, ~ N(0,%) in IR?. The covariance matrix ¥ has the eigen-
decomposition form: ¥ = QI'QT, where Q is an orthogonal matrix and I' = diag(yy,...,y4). For
notational convenience in our analysis, we further denote eigenvalue y; = /\i2 fori=1,...,d. With-
out loss of generality, assume that A7 > A3 >... > /\fi‘ Furthermore, we assume that {/\1.2}?:1 has an
exponential or polynomial decay rate:

Assumption 3 (Exponential decay rate). The eigenvalue series {yi}le = {/\l.z}fz1 satisfies A; <
pexp{—0i} for some constants y,6 > 0.

Assumption 4 (Polynomial decay rate). The eigenvalue series {)/l-}fl:1 = {)\1.2};.1:1 satisfies A; < pi™

for some constants p >0 and w > 1.

When the eigenvalues decay fast, the support of the data distribution Py,, has degeneracy in
some directions. In this case, the majority of probability lies in some region S ¢ R?, which has
an effective Minkowski dimension p < d. Specifically, consider a “thick” low-dimensional hyper-
ellipsoid in RY,

z
12

p 2
i=1 "1

S(R,r;p)::{Qz z=(z1,...,24) € IRd,Z—i < Rz,lzjl <  for j=p+ 1,...,d}, (3)
2

where R,r > 0 and p € IN, are independent parameters. For the simplicity of notation, we first

define a standard hyper-ellipsoid and then linearly transform it to align with the distribution



N(0,X). The set S(R,r;p) can be regarded as a hyper-ellipsoid scaled by R > 0 in the first p dimen-
sions, and with thickness r > 0 in the rest d — p dimensions. Then we construct a minimal cover
as a union of nonoverlapping hypercubes with side length r for S(R,7;p). The following lemma
characterizes the relationship between the probability measure outside S(R,r;p) and its covering

number.

d

Lemma 1. Given the eigenvalue series {’\1‘2}1‘:1'

If p < R?, we will have

for any R,r > 0, choose p > 0 such that /\;1 =2R/r.

P(X € S(R,7;p)) = O(exp(-R?/3)),

p P P j
Nr(S(R,r;P))S(¥) HAI:H(%)

Remark 1. Since data distribution Py, is supported on R, both the intrinsic dimension and the
Minkowski dimension of Py,, are d. However, Lemma 1 indicates that the effective Minkowski
dimension of Py, is at most p.

According to Lemma 1, if we choose scale R > 4/p properly, the probability outside S can
be sufficiently small while the covering number of S is dominated by r~P, which gives that the
effective Minkowski dimension of Py,, is at most p. Moreover, under fast eigenvalue decays, the
product of the first p eigenvalues appearing in N,(S(R,7;p)) is a small number dependent of p. In
these cases, we specify the selection of R, r and p accordingly and show the effective Minkowski
dimension is reduced to p/2 in Appendix D.

Furthermore, we remark that the effective Minkowski dimension p is not a fixed number given
data distribution Py,,, but an increasing function of sample size n. As sample size n increases,
the estimation accuracy of f*is required to be higher, so that we are supposed to design more and
smaller hypercubes to enable preciser estimation by neural networks. Besides, some of the d —p
dimensions are not negligible anymore and thereby become effective compared to the accuracy.
Therefore, we need to incorporate more dimensions to be effective to achieve higher accuracy.

With this observation, we construct S(R, r; p) such that its effective Minkowski dimension p(n)
increases while thickness (1) decreases as sample size n grows to enable preciser estimation. Then
we develop the following sample complexity:

Theorem 3 (Generalization error under fast eigenvalue decay). Under Assumption 2, let ]?be
the global minimizer of empirical loss given in (1) with function class 7 = F(L,B,K). Suppose
Assumption 3 hold. Set a tuple (L, B, K) with the constants C;, C, and s appearing in Theorem 1 as

Bs logn/6
L=C;, B= O(nzﬁ*m(log n)ﬁs), and K = Cyn2+Viosno,

Then we have
28(1-1)

2 — O( 2?1_ 2p++/log /6 (log n)3/2)
Lz(Pdata)

E|F-f



for sufficiently large n satisfying log(logn)/y/0logn < 1, where 1 > 0 is an arbitrarily small con-
stant. Moreover, suppose Assumption 4 hold instead. Set a tuple (L, B,K) as

(1+1/w)Bs (14+1/c)n®/ (2+1%) )
|y

L=Cy, B= O(n 2p+nt ), and K = Cz(n 4p+2n
where ¥ = (1 + 1/w)/w. Then we have

N B
— O(Uzn Zﬁ+n(1+1/“’)/“' logn).

2
LQ(Pdata)

E[7-r

Theorem 3 suggests the effective Minkowski dimension of Gaussian distribution is W
under exponential eigenvalue decay with speed 6 and effective Minkowski dimension is n(!+1/@)/«
under polynomial eigenvalue decay with speed w. For moderate sample size n, i.e. effective
Minkowski dimension is less that ambient dimension d, Theorem 3 achieves a faster convergence
rate. When we have a vast amount of data, the effective Minkowski dimension is the same as
the ambient dimension d, and then we can apply standard analysis of deep neural networks for
d-dimensional inputs to obtain the convergence rate O(n~2F/(26+d)_ To the best of our knowledge,
Theorem 3 appears to be the first result for nonparametric regression and deep learning theory,

where the effective dimension varies with the sample size.

5 Proof Sketch

This section contains proof sketches of Theorem 1, 2 and Lemma 1.

5.1 Proof Sketch of Theorem 1

We provide a proof sketch of Theorem 1 in this part and defer technical details of the proof to
Appendix A. The ReLU neural network in Theorem 1 is constructed in the following 5 steps:

1. Choose region S C Dgq,;, only on which we use ReLU neural networks to approximate f*.

2. Construct a covering of S with hypercubes and then divide these hypercubes into several
groups, so that neural networks constructed with respect to each group have nonoverlapping
supports.

3. Implement ReLU neural networks to assign given input and estimated function value to
corresponding hypercube.

4. Approximate f* by a Taylor polynomial and then implement a ReLU neural network to
approximate Taylor polynomial on each hypercube.

5. Sum up all the sub-neural-networks and take maximum to approximate f*.

Step 1. Space separation. Firstly, we divide Dgy,, into some region S C Dy, with high prob-
ability measure and S¢ = Dg,, with large volume. By Assumption 1, for any sufficiently small
r,7 > 0 and some constant ¢y > 1, there exists S C Dgy,t, such that N,(S) < ¢gN(r;T) < cor™P for



some positive constant p = p(r,7) and Py,2(S¢) < 7. Intuitively, we only need to approximate f*
on S while S¢ is negligible due to its small probability measure. Therefore, in the following steps,
we only design a covering for S and approximate f* in each hypercube of the covering.

Step 2. Grouping hypercubes. Let C be a minimum set of hypercubes with side length r
covering S. Then we partition C into Cy,...,Cj such that each subset C; is composed of hypercubes
separated by r from each other. Lemma 7 shows that the number of C;’s is at most a constant
dependent of 4.

As a consequence, we group hypercubes into several subsets of C so that constructed neural
networks with respect to each hypercube in C; have nonoverlapping support.

Step 3. Hypercube Determination. This step is to assign the given input x and estimated
function value p to the hypercube where they belong. To do so, we design a neural network to
approximate function (x,y) — p1;(x) where I € C is some hypercube. To make functions positive,
we firstly consider approximating f, = f* + 2. Notice that f; € H(p, Dgata,3) and 1 < fy(x) < 3 for
any x € Dy,ta-

For any fixed I € C, we define the center of I as (1y,...,1;). Then we construct a neural network

ind,r

gt Dgata XRs — R with the form:
d : y
i —r
¢ (2, 9) = 4ReLU( ;nu(xi) - d), (4)
1=

where IIT;,i :R — [0,1] is the approximated indicator function given by

z=(1=1) .o r

—7 ify-r<z<iy-3,

T 1 if1;,-5<z<1;+7%,
I,i(z) ) (4+r)-z frL+l<z<i:

it s<z<i+r,

0 otherwise.

We claim that neural network g}nd’r approximates function (x,y) — vy 1;(x). Moreover, Appendix

A.2 provides the explicit realization of g}nd’r by selecting specific weight matrices and intercepts.

Step 4. Taylor Approximation. In each cube I € C, we locally approximate f* by a Taylor poly-
nomial of degree | ] and then we define a neural network to approximate this Taylor polynomial.
Firstly, we cite the following lemma to evaluate the difference between any f-Hoélder function and
its Taylor polynomial:

Lemma 2 (Lemma A.8 in Petersen and Voigtlaender (2018)). Fixany f € H(, Dgata) With ||f||H([3fDdata) <
1 and % € S. Let f(x) be the Taylor polynomial of degree | 3] of f around %, namely,

_ 0% f(%
fay= Y (i"(x) (x— %),
lal<tpl

Then, |f(x)— f(x)| < dP||x - || holds for any x € Dygata-
Next, we design an m-dimensional multiple output neural network gf oy _ ( gs(ily,..., gt (,)yl,y) to

estimate multiple Taylor polynomials in each output. The existence of such neural network is

10



ensured in the following lemma, which is a straightforward extension of Lemma 18 in Nakada
and Imaizumi (2020).

Lemma 3 (Taylor approximation on S). Fix any m € IN,. Let {ct,} C [-1,1] for 1 <k < m. Let
{xk}fL; € S. Then there exist clfOly = cllo(ﬂy(ﬁ, d,p), CEOIY = CEOIY(/S, d,p) and S?OIY = slf(ﬂy(ﬁ, d,p) such

that for any sufficiently small € > 0, there is a neural network g& ° which satisfies the followings:
1
1. supxes|g£2y(x) = L jal<p Cha(X —xk)“| <eforanyk=1,...,m,
poly
2. L(ge ") < 1+(2+1og, f)(11 +(1+ B)/p),

ol ol PO _ poly
3. B(gP) < POVRET e,

4. K(gPY) < Y (REeP/B + m),

For any cube I} € C, we take f; (x) as a Taylor polynomial function as with setting x < x,
and f « f; in Lemma 2. Then we define a neural network to approximate f; , which is an €/2-
accuracy Taylor polynomial of f,. Let gf/ozly be a neural network constructed in Lemma 3 with
€ €/2, m < N,(S), (xp)[L, « (xfk)fj;(f), and (cgq )ity < (9% f(xy, )/a!)kN:’(ls) appearing in Lemma 3.
Then, we obtain
(5)

1 €
sup sup|f1k(x) —gg/oz,};((x)| < 5
x€S

k=1,..,N,(S)

s 1 .
In addition, we construct a neural network to aggregate the outputs of gf/ozy. Define a neural

network g,ﬁﬂter : R4NHS) 5 RY+1 which picks up the first d inputs and (d + k)-th input as

filter I; el
& (2)= Lz fork=1,...,N.(S).
Od €y

Then we design a neural network g:i/r;ul : R? — RN(S) that simultaneously estimates Taylor poly-

nomial at each cube. Specifically, g:i/g“‘l is formulated as below

simul _ ( ind,r _ _filter ind,r _filter Id _poly
8e/2 —(311 °&i ""’gINr(s)OgN,(S))o(gd,L’ge/z ), (6)

where gédL : RY — RY is the neural network version of the identity function whose number of
. 1
layers is equal to L(gf/ozy).
Step 5. Construction of Neural Networks. In this step, we construct a neural network gz° to

. d . .. .
approximate fy = f* + 2. Let g™ be the neural network version of the maximize function over
59 numbers. Besides, define

gsum(zll.”’er(S)) = ( Z Zhyoons Z Zk),
IkECI IkecN,(S)

: : simul : :
which aims to sum up the output of g;;"™" in each subset of covering C;.
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fo

max,5 ; gsum gsimul Equivalently, gz° can be written

Now we are ready to define gz°. Let gz° := g™ og
as géro = maXe[5d] 2 IeC; g:}r;}cﬂ Then we come to bound the approximation error of ¢:°. Whenx € S,

there exists some I € C such that x € I. Based on the method to construct neural networks, we have

fo simul poly
= max x) < max X),
ge () IkeNeig(I)ge/z’k( ) IkeNeig(I)ge/z’k( )

where Neig(I) ={I" € C|(I®3r/2) NI’ # 0} denotes the 3r/2-neighborhood of hypercube I. In other
words, when computing ggo(x), we only need to take maximum over the estimated function value
within hypercubes near x.

Given sufficiently small € > 0, the error is bounded as

182°(x) = fo(x)| < max, |g£/°2yk< )= folx)|

I eNeig(I
< max + max X
IxeNeig(I) E/Zk )= fi,(x) | I eNeig(l) |fIk = fol )|
B
Sf-l-dﬁ z <e§E,
2 2

where the last inequality follows from (5) and Lemma 2. Detailed derivation of approximation
error is deferred to Appendix A.3. In terms of parameter tuning, we choose r = d~'e!/#/2.

To extend results of f, to f*, we implement a neural network g™°4(z) = (~z+1)oReLU(-z+2) o
ReLU(z—1) and consider gz "= g4 6 ¢/% to obtain the desired approximation error € for any x € S.
Then we evaluate the approximation error with respect to L?>-norm:

L2(Piara) (j J-) ge ()= )) dPyata(x) < € + 4.

This follows from the aforementioned approximation error within S, boundedness of f* and neu-

gl - f

ral networks, as well as the property that out-of-S probability is upper bounded, i.e. Py,,(S€) < 7.
Finally, we sum up sizes of all the sub-neural-networks and thus obtain the network size of

gé( See Appendix A.4 for detailed calculation.

5.2 Proof Sketch of Theorem 2

Proof of Theorem 2 follows a standard statistical decomposition, i.e. decomposing the mean
squared error of estimator finto a squared bias term and a variance term. We bound the bias
and variance separately, where the bias is tackled by the approximation results given in Theo-
rem 1 and the variance is bounded using the metric entropy arguments. Details of the proof for
Theorem? are provided in Appendix B. At first, we decompose the L, risk as follows:

L?(Pyata) - 2IE[% ;’(ﬂxl) filx L2(Py,a) - 21E[% Z(ﬁxl) _f*(xi))2]x

Tl TZ

where T; reflects the squared bias of using neural networks to estimate f* and T, is the variance
term.

12



Step 1. Bounding bias term T;. Since T is the empirical L, risk of fevaluated on the sam-
ples {x;}i_,, we relate T; to the empirical risk by rewriting f*(x;) = v; — &;, so that we can apply
the approximation error to bound the minimal empirical risk achieved by ]? After some basic
calculation, we have

T; <2 inf
(<2 inf ) f (g, ¢

v —~
E ;;Eif(xi)]-

Note that the first term is the squared approximation error of neural networks, which can be

controlled by Theorem 1. We bound the second term by quantifying the complexity of the network
class F(L,B,K). A precise upper bound of T; is given in the following lemma.

Lemma 4. Fix the neural network class F(L,B,K). For any 6 € (0,1), there exists some constant
¢ > 0, such that

. log N>(6,F(L,B,K))+2
T, < f 2
s a0 Wi, 4o n
1 0,F(L,B,K 2
| I TRRE ),

where N, (8, F(L, B,K)) denotes the 5-covering number of F (L, B,K) with respect to the L? norm,
i.e., there exists a discretization of F (L, B, K) into N, (9, F (L, B,K)) distinct elements, such that for
any f € F, there is f in the discretization satisfying ||f —f“2 <

Step 2. Bounding variance term T,. We observe that T) is the difference between the popula-
tion risk of fand its empirical risk. However, bounding this difference is distinct from traditional
concentration results because of the scaling factor 2 before the empirical risk. To do this, we di-
vide the empirical risk into two parts and use a higher-order moment (fourth moment) to bound
one part. Using a Bernstein-type inequality, we are able to show that T, converges at a rate of 1/n,
and the upper bound for this is shown in the following lemma.

Lemma 5. For any ¢ € (0, 1), there exists some constant ¢’ > 0, such that

T, SSC_n log N (8/4H, F(L, B,K)) + '6.

Step 3. Covering number of neural networks. The upper bounds of T; and T, in Lemma
4 and 5 both rely on the covering number of the network class F(R,«,L,p,K). In this step, we
present an upper bound for the covering number N, (6, F (L, B,K)) for a given a resolution 6 > 0.

Lemma 6 (Covering number bound for F (Lemma 21 in Nakada and Imaizumi (2020))). Given
0> 0, the 6-covering number of the neural network class F (L, B, K) satisfies

2LVALKLY2BER,
5% —4r .

log N>(6, F(L,B,K)) < Klog(
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Step 4. Bias-Variance Trade-off. Now we are ready to finish the proof of Theorem 2. Combin-
ing the upper bounds of T; in Lemma 4 and T, in Lemma 5 together and substituting the covering

number in Lemma 6, we obtain

— 2K VALKL2BLR
E|f-f° = Ot +d*r?Pi o5+ 2 log S,
n

Vo2 -4zt

where we set approximation error to be d?#r%f. Plug in our choice of (L, B,K), and choose & = r2F.

2 2 p p
=0t +orh+ Rs log (Rs /1) .
LZ(Pdata) n r 7’4/3 -4t

2
LZ(Pdata)

Then we can conclude

E[F-f

5.3 Proof Sketch of Lemma 1

In this section, we present our basic idea to construct S(R, r;p) and the proof sketch of Lemma 1.
For simplicity of proof, we assume Q = I so that ¥ = A = diag(A3$,...,A3). The detailed proof is
given in Appendix C, which can be easily extended to the case when Q is not an identity matrix.
The proof of Theorem 3 is given in Appendix D.

Given the Gaussian sample distribution, we hope to choose some region in S c R? with high
probability measure and effective Minkowski dimension p < d. Then we can only apply neural
networks to approximate f* within each cube of the small covering of S and thereby significantly
reduce the network size. In literature, it is common to truncate the ambient space within a hyper-
ellipsoid for Gaussian distribution (Ellis and Maitra, 2007; Pakman and Paninski, 2014). Similarly,
we consider the 'thick’ low-dimensional hyper-ellipsoid S(R,7; p) defined in (3). Then we construct
a minimal cover of S(R, r;p) as a union of nonoverlapping hypercubes with side length r, which is
equal to the thickness of S(R,7;p). In particular, this cover contains multiple layers of hypercubes
to cover the first p dimensions of S(R,r;p) while only needs one layer for the rest dimensions.
Intuitively, we only learn about hypercubes that cover the first p dimensions without paying extra
effort to study dimensions with low probability density.

A natural question arising from the construction of S(R,7;p) is how to select a proper di-
mension p. To address this problem, we first notice that each side length of the p-dimension
hyper-ellipsoid is supposed to be greater than the side length of hypercubes r, i.e. 21;R > r for
i=1,...,p, so that we would not waste hypercubes to cover dimensions with too small side length.
For simplicity of calculation, we choose p > 0 that satisfies /\Ijl = 2R/r for any given R,r > 0.

Now we come to prove Lemma 1. Firstly, we compute the probability outside S(R,r;p). By
union bound, this probability can be upper bounded by two parts, the probability out of hyper-
ellipsoid for the first p dimensions and the probability out of hypercube with side length r for the
rest d —p dimensions. The first part is equal to the tail bound of p-dimensional standard Gaussian
by the construction of S(R,7;p). The second part can be solved similarly by linearly transforming
each dimension to be standard Gaussian.

Then we calculate the covering number of S(R,r;p). Notice that the first p dimensions of
S(R,r;p) is contained in a p-dimensional hyper-rectangle with side length 2A;,R for i = 1,...,p,
while only one hypercube is required to cover the j-th dimension for j = p+1,...,d. Therefore, the
r-covering number can be upper bounded by ]_[f:1 (2A;R)/rP.
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Figure 1: Dimensionality estimates of images obtained using the MLE method with k nearest
neighbors under different sample size.

6 Discussion and Conclusion

In this paper, we have presented a generic approximation and generalization theory and applied
it to Gaussian Random Design. Furthermore, our theory is applicable to scenarios where data
are sampled from a mixture of distributions, denoted as Py,, = ) ; w;P;. Each distribution P; is
assigned a weight w; and has a low-dimensional support. In such cases, we focus on a subset of
distributions with significant weights, while neglecting distributions with small weights. Then
the effective Minkowski dimension depends on the data support of the selected distributions. As
the sample size grows, including more distributions becomes necessary to achieve higher estima-
tion accuracy. Another example where our theory can be applied is the case of an approximate
manifold, where the data are concentrated on a low-dimensional manifold. In this scenario, the
effective Minkowski dimension corresponds to the intrinsic dimension of the manifold.

To illustrate the concept of effective dimension in real-world examples, we refer to a study
by Pope et al. (2021), which investigates the intrinsic dimension of several popular benchmark
datasets for deep learning. The intrinsic dimension presented in Pope et al. (2021) can be seen
as an approximate estimate of the Minkowski dimension, as demonstrated in Levina and Bickel
(2004); Grassberger and Procaccia (1983). In our work, we adopt the methodology employed by
Pope et al. (2021) and utilize generative adversarial networks trained on the ImageNet dataset to
generate samples containing varying numbers of daisy images. To estimate the intrinsic dimen-
sion of these generated samples, we employ the Maximum Likelihood Estimation (MLE) method,
which is achieved by computing the Euclidean distances between each data point and its k near-
est neighbors. The obtained results are presented in Figure 1, which clearly demonstrates that the
intrinsic dimension estimated from a finite sample of images increases as the sample size grows.
This finding aligns with our theory that the effective Minkowski dimension is an increasing func-
tion of the sample size.
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In conclusion, this paper studies nonparametric regression of functions supported in R? un-
der data distribution with effective Minkowski dimension p < d, using deep neural networks.
Our results show that the L? error for the estimation of f* € H(f, Dqata) converges in the order of
n~2P/(26+P) To obtain an e-error for the estimation of f*, the sample complexity scales in the order
of e"(2A*PVB, which demonstrates that deep neural networks can capture the effective Minkowski
dimension p of data distribution. Such results can be viewed as theoretical justifications for the
empirical success of deep learning in various real-world applications where data are approxi-
mately concentrated on a low-dimensional set.
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A Proof of Theorem 1

In this section, we provide the omitted proof in Section 5.1.

A.1 Lemma?7

Lemma 7 (Lemma 20 in Nakada and Imaizumi (2020)). LetC = {Ik}fj:'(ls) be a minimum r-covering

of § where I;’s are hypercubes with side length r. Then, there exists a disjoint partition {C; }]511 cC

such that C = U?il(f]- and d(I;,I}) > r hold for any I; # I; € C; if card(Cj) > 2, where d(A,B) :=
inf{”x - y” |x € A,y € B} is defined as the distance of any two sets A and 5.
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A.2 Realization of hypercube determination function gmd '’

Hypercube determination function gmd " can be realized by weight matrices and intercepts (4,0)®

(Wz, -d)® [(Wll,bl),...,(W;,bd)] where Wil,bi1 and W2 are defined by

T 7T T _T\'
e, e e ¢ r r
W-lzz((’) (’) 6 6] , b} ::(—ti+r “lits —hi—y —ti—r),

and

The above realization gives exactly the form in (4). Moreover, we summarize the properties of

g}nd " as following:

Proposition 1. For any x € Dy4,;, and y € R, we have

=y, xelandye[0,4],
ind,r

g (%y){<y, xel®iandye(0,4]

=0, otherwise.

Furthermore, we obtain the following properties

(g}nd r) — 3,
(g}nd ") <max{4,d,1+7r,2/r},

3, K(g}“d'r) =24d +6.

A.3 Bounding the approximation error

Firstly, we compute the approximation error of using g’ to estimate fy = f* + 2. Recall that we
defined gefo = gmax'5d o g*"Mo gzi/‘;“ﬂ. When x € S, there exists some I € C such that x € I. Then for
this x, we have

1 simul
= max > simul(y) = max (x) < max (x),
jel5) o g/ ( IkeNeig(I)ge/ 2k (%) TeeNeig(n Ser2k )

where Neig(I) ={I" € C|(I®3r/2) N 1" # 0} denotes the 3r/2-neighborhood of hypercube I. In other
words, when computing géro(x), we only need to take maximum over the estimated function value
within hypercubes near x. The second equality follows from the Proposition 1 that gZ}I;‘lﬂ(x) =0
for I; ¢ Neig(I) and d(I},Ix) > r holds for I} # I € C; for all i. The last inequality is due to the

construction of gS‘mul in (6).
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Given € € (0,1), we ensure 0 < gs%‘};l( ) < 4 for all Iy € C by Proposition 1, since g:%‘}(‘l ap-

proximates f; which is an e/2-accuracy Taylor polynomial of f; € [1,3]. When x € I, the error is
bounded as

im l imul
/)~ fo) =max{ | max, )gz/zz 9~ o) o)~ max eI

1
Smax{ max e/2k = fo(x), fo(x) gf/?;( )}

IkeNeig(It)
Slkerﬁ}j};‘() e/2k — folx |
= e )ge/zk ~filx |+1g151;}3; 11, (%) - fol)|
S§+dﬁ(%)ﬁ <e,

where the last inequality follows from (5) and Lemma 2. In terms of parameter tuning, we choose
r=d'elf/2.

Next, we extend approximation results of f; to f*. To do so, we firstly implement a neural
network ¢g™°d(z) = (~z+ 1) o ReLU(~z + 2) o ReLU(z — 1), which has the equivalent form g™°d(z) =
min(max(1,x),3) -2 for any z € R. In addition, g™°? has the following properties:

L(g™d) =3, B(g™4) <2, and K(g™*9)=12.
fr_ fo

Then consider g/ = g™°d 0 ¢!° to obtain the desired approximation error € for any x € S

sup Igé(*(x)—f*(x)lz sup |min(max(1,geo(x)),3)—(f*(x)+2)|

x eDdata X€Ldata

= sup |min(max (1,82 (x)),3) - fo(x)|
¥€Dgata

< sup |g&'(x)— fo(x)|

x e,Ddata

<e.

A.4 Computing network sizes

Recall that the ReLU neural network gét " is defined as
gf :gmod o gmax,Sd o g og;%ml
d 57 dr _ fil dr _ fil d 1
:gmo Ogmax 5 Ogsum (ggl r ogt ter ’g}z r gNt(er) (gé L’gs/oz}’)
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Note that N,(S) < cgr™P. Combined with sub-neural network structures given in Appendix B.1.1
of Nakada and Imaizumi (2020), gé[ has the following properties:

L(gl (x)) = L(g™%) + L(g™>*") + L(g™®") + L(gf"e") + L(gP5")
<11+2dlog,5+ (11 + (1 + B)/d)(2+1log, ),

. ; 1
B(g! (x)) < max{B(g™%), B(g™™"), B <g}“d ) B(g""), B(gj) Bge, ).
poly Rﬁ 1 6 sf(ﬂy}

’

<max{d,1+7r,2/r, c1

_ 1 _ poly
<max{4de Uﬁ,c}fo ngsl e},

) , 1 1
K(8L (x)) < 2K(g™9) + 2K (g™%) + 2N, (S) - K (87" o giter) + 2K (]1)) + 2K (85)5)
< 2BV REEePB 4+ 2(50d + 17 + AV )N,(S)
+2(12+42x5% +2d +2d(11 + (1 + B)/p)(2 +1og, B))),
< 2BV RPEePB 4 2(50d + 17 + 5V )eo(2d)P e PP
+2(12+42x5% +2d +2d(11 + (1 + B)/p)(2 +1og, B))),

poly

where 5”7 = O(d?*l#]). By adjusting several constants, we obtain the statement.

B Proof of Theorem 2

The proof of Theorem 2 mainly follows Chen et al. (2022). Our Lemma 4 and 5 is a slight revision
of Lemma 5 and 6 in Chen et al. (2022), where we substitute {,, covering number with ¢, covering
number to deal with unbounded domain. In this section, we compute the ¢, covering number of
neural network class and then present the proof of Theorem 2.

B.1 Proof of Lemma 6

Proof of Lemma 6. To construct a covering for F(H, L, B,K), we discretize each parameter by a unit
grid with grid size h. Recall that we write f € F(H,L,B,K) as f(x) = W, -ReLU(W_; ---ReLU(W; x+
bi)---+br_1)+by in (2). Choose any f, f’ € F(H,L, B,K) with parameters at most h apart from each

other. Denote the weight matrices and interceptsin f, f"as W,..., Wy, by,...,Ly and W[,..., W/, b;,...

respectively, where W; € R%*%-1 and b; e R% for [ = 1,...,L. Without loss of generality, we assume
d; < K since all the parameters have at most K nonzero entries. If the input dimension is larger
than K, we let the redundant dimensions of input equal to zeros.

Notice that for any random variable y € R%-1 which is subject to a distribution Py, we have

JI\R”III

di_y

2
dPY Ld,1||szz Wi v+ (= 07) |

(Wi + b)) — (W/y + b)) dPy ().
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By the inequality ||t + s||> < 2]|t||> + 2||s||* which holds for any s, € R%, we obtain

_LRdll

di_y

2
2dPy(y) jml“zml W/,)y “ dPy (v) + 2||br - ][>

di_y
2-I Zyizdpy(y)+2||bl—b;§
R

Since parameters W, b; differ at most h from W, b; with respect to each entry, we get

(Wi + b)) — (W/y + b))

<2 sup |wi-w),

1=1...,d;4

2
7 ) 2

< 2KK? ||y||i2(Py) + 2Kh2. (7)

Similarly, we have

2
fo e
R%-1 2

dy
dp = “ Wiivi+0b
Y (») f}Rdu Z 1iVi + by

dl—l

<2 ‘ Wi,
L{dr—l ; 1,i¥i
di_y

< sup [[wi|- LR LY AR+ 203
=1

lld,l

dpy(y)

2
dPy () +2|1bilI3

<2di B[} )+ 2412
<2K B> ||y||i(Py) + 2K B (8)

Since the ReLU actiavtion function is 1-Lipschitz continuous for each coordinate, we can apply

(7) and (8) repeatedly to bound ||f — f’ ||L2 (PiawsS)*

(Pdatars)

:L|WL-ReLU(WL1---ReLU(w1x+b1)---+bL1)+bL
— W[ -ReLU(W;_, ---ReLU(W/x +b})---+ bj_;) b} |" dPyaa()
S2L|WL-ReLU(WL_1---ReLU(W1x+b1)---+bL_1)+bL
— W/ -ReLU(W,_; ---ReLU(Wyx + by)---+ by _;) - L| dPy,ia(x)
+2||WL’||§L||(WL_1---ReLU(W1x+b1)~--+bL_1)
— (W[_y - ReLU(W{x + b})--+ b)_1)|[> dPaata ()
<4Kh?* + 4Kh? L [Wi_q---ReLU(W;x +by)---+ by_q||* dPyaga(x)
+2KB2J;||(WL_1---ReLU(w1x+b1)---+bL_1)

7 ] ] 7 2
—(Wp_; - ReLU(Wyx + by) -+ + bL_1)||2 dPyata ().
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Besides, we derive the following bound on [[Wy_; ---ReLU(Wx + 1) -+ br1ll12(p,.  s):
J i RLUMW x4 )+ by P P
S

< 2KBZJ IWi_y---ReLU(W;x + by) -+ + by _5||* dPyara(x) + 2K B
S

< (2KB*)F'dRE + (2K B*)E!
2Lk B*)E1dRE,

IA

where the last inequality is derived by induction and ||x||*> = Zle xi2 < dR% for any x € S. Substi-
tuting back into the bound for ||f _f’”%z(Pd L5 we obtain

If - f || L (o) SAKR? + 28 2KEBHEUR2d R
+ 4K32L“(WL_1 --ReLU(Wyx +by)---+b;_1)
—(W{_y -+ ReLU(W{x +b})-+ b || dPyara()
<4(L-1)(KB*)E1h? 4 2 2(L - 1)KL B -V R2d R2
+ (2KB2)L L [Wix + by = Wix = b}|[; dPagia()
<4"'LK'B*n?dR},

where the second inequality is obtained by induction. Therefore, combining the above inequality
with ||f|le <1 for any f € F(L, B,K) and Py,;,(S€) < 7, we get

I =71 5y = [, 170~ F P dPaai)+ [ 1700~ /(0P dPaal

<4M'LKEBP?h?dR] + 4t

Now we choose h satisfying h = \/(62 —47)/(4L-1LKLB?L-24R}). Then discretizing each parameter
uniformly into 2B/h grid points yields a 6-covering on F (L, B, K). Moreover, the covering number
N> (8, F (L, B,K)) satisfies

2LVALKY/2BER

2B
log NV>(6, F(L,B,K)) < Klo (—)zKlo (
- I A W

B.2 Proof of Theorem 2

Proof of Theorem 2. The square error of the estimator fcan be decomposed into a squared bias
term and a variance term, which can be bounded using the covering number of the function class.
According to Lemmas 4 and 5, for any constant 6 € (0,1), we have

log NV>(8, F(L,B,K)) +2

B~ gy, ¢, ind W00~ f e, + co” "
(9)
l ’ L)BIK 2 S ' ’
+C(\/ og N, (& fy(Z N+2 ab+;—nlOgNz(é/‘lH'}-(L’B’K)HC 0.
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Choose € = (2dr)P in Theorem 1. Accordingly, we set tuple (L, B,K) as
L=C,, B=O(RrF), and K = C,R0r .

Then we have

inf < (2dr)*f + 41,
fe]-‘l(ri,BK“f —fr(x ||L2pdt <(2dr)P +4r

Invoking the upper bound of the covering number in Lemma 6, we derive
2LVALKY2BER, ) )
+2c
62 —4rt
N \/K10g(2L\/dLKL/ZBLRS/\/é2 -47)+1
c
n

2
<(2dr)*P + 4t + %(Klog(

data )

¢’ 2LVdLKY?BIRg
+ —Klog
3n Vo2 -4t
VALKY2BLRg )
52 -4t
Klog(VALKLY2BLRs/Vs2 —47)\'/? 1
+ 0O0+00+ —

n

) +(co+c’)o

2
:O(T +d*Pr?f GnK log(

By Cauchy-Schwartz inequality, for 0 < 0 <1, we have

E[[7-

2 AT rL/2RL
—O(r+d2ﬁr2ﬁ+0K10g( dLKB RS)+ ) 1)
LZ Pdata) n

o6+ —|.
52 -4t n

Plugging in our choice of (L, B,K), we get

p
—O(r+d2ﬁ %,22 d(RS) log((RS/r) )+ab+l)
r 62 -4t n

data )

Now we choose 6 = r2P. Then we deduce the desired estimation error bound

f-f o?(Rs )\’ Rg/r)P\ 1
IE”f_f ||[%2(pdata):O(T+Or2ﬂ+7(—s) log((s—))+_)

r 4B — 471 n
2 p P
= O(T +or?f 4+ %(%) log((ﬁs—/r))).
r*f — 4t

The last equality is due to Rg/r > 1. O

C Proof of Lemmal

Proof of Lemma 1. For simplicity of proof, set Q = I. By the construction of S(R,r;p) in (3), we
notice that

p .2
P(X ¢ S(R,7;p)) (Z{—} )+1P(|x]~|>%forsomeje[erl,d].
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Since X1., = (x1,...,X,) ~ N(0,Ap) where A, = diag(/\%, /\2) the variable Z = A_l/zXl »~N(0,1,)
is a standard Gaussian. Then for any fixed R > 0, the probability IP(ZI 1 l//\2 > R?) is equal to
IP(||Z||?> > R?). Moreover, by Lemma 9, if we choose R? > p, we will have

2 § 4
P(1Z|P* > R?) < 2R+ p exp| - R
p 2R?+p

47,2 2
:exp(—l—)~&+g~log(%+l))

ol 2 w2

Besides, by Lemma 8, for j=p+1,...,d, we derive

st 3)5{3]> 55 - olew{ -5 )

Then we can apply the union bound of probability to get

d d 2
r . r r
IP(|xj| >3 for some j € [p+ 1,d]) < Z H)(|x]'| > E) = O( Z exp(— 8/\]2))'

j=p+1 j=p+1

Recall that we choose /\;1 = 2R/r. Then we have

12
P |x-|>£forsomeje[p+1,d] =0 exp —p
] 2 : /\]2

of £ ool )

R2
O(exp(—— log(d - p)))

T

J=p+

I
=

where the inequality comes from )\]2 < )\f, for j=p+1,...,d. Therefore, we have

P(X ¢ S(R,7;p)) = O[[exp( - 23—122 +10g(3§2 ))] ]+ O(exp( - R72 +log(d —p))).

Next, we compute the covering number of S(R,r;p) using hypercubes with side length » > 0,
which is denoted as N,(S(R,r;p)). Notice that the first-p-dimensional hyper-ellipsoid of S(R,7;p)
is contained in a p-dimensional hyper-rectangle with side length 2A;R for i = 1,...,p, while only
one hypercube is required to cover the j-th dimension for j = p +1,...,d. With this observation,
we derive the upper bound for N,(S(R,7;p)):

where the last equality results from our choice of p. O
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D Proof of Theorem 3

D.1 Generalization error under exponential eigenvalue decay

Combining the criteria /\;71 = 2R/r and the exponential eigenvalue decay in Assumption 3, we
have . R
— Op) = —.
" exp(0p) = —

Moreover, by Lemma 1, we can compute the covering number of S(R, r,p):

P : P 2 p/2
N,(S(R,7;p)) < ]_[(%) = ]_[exp(e(p —i)) < exp(e%) = (%) )

’
i=1 \*P i=1

which indicates that effective Minkowski dimension of Py, is at most p/2. Let r = n~1=1/(26+Vlogn/0)
and R = logn where 1 € (0,1) is an arbitrarily small constant. Then we obtain

U 1 (1-1n)logn 2(1-1)logn
Op =log| — | = = log(2u) +log(logn) + < .
g g( r ) 0 8(2p) +logllog) 2B ++/logn/6 2B+ /logn/6

Thereby, we can compute the probability ourside S(R, r; p):

£ 2

+ exp(—R7 +log(d —p))] = O(n~108"/3),

2R? 3R?
P(X & S(R,7;p)) =O([exp(— gﬂog(T))

Apply Theorem 2 with our choice of R, r and p. Accordingly, the tuple (L, B,K) is set as

Bs /logn/6
L=C;, B= O(nz‘”\/m(log n)ﬁs), and K = O(nzﬁ*‘/m )

Then we can get

r4f —4r
__2p(-1y) 2 (l—q)zlogn/Q (1-1)logn/6
— O(Gn 28+/logn/6 + G_ . n(21§+\/10gn/6)2 . (log n)2[3+\/logn/9 . log n/0 1o 11)
n 2B ++/logn/0
O( __2B(1-n) 1+ (l—r])zlogn/(? +(l—7;)log(logn)/6

on 2ﬂ+\/logn/6+o.2n_ (2p+\logn/0)2 ' 2p++/logn/0 -(logn)3/2).

. 2 o2 [Rg\P? (Rg/r)P/?
o . 2,9 (Rs Rs/r)"
IE“f Mo O(IP(XeES(R,r,p))+ar +Z (r) log( ))

The last equality utilizes the fact that (logn)°8" = »1°8(°8")  Furthermore, notice that for suffi-
ciently large n satisfying log(logn)/4/60logn <1, we have

(1-1)*logn/0 +(1—17)10g(10gn)/9< (1-n)*logn/0 +(1—;7);7\/W
(2B++flogn/6)> 28+ flogn/6 ~ (2p++flogn/6)? 2B+ +flogn/6
L (L= \logn/0 (1 -n)nyflogn/0
T 2B++flogn/60  2p+flogn/0
_ (L=1)ylogn/6
T 2B+/logn/0
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Therefore, we use the above observation to derive the following upper bound for generalization

error:
2B(1-1)

= O(azn_zﬁ*‘/w (log n)3/2 )

2
LZ(Pdata)

E[F-f

D.2 Generalization error under polynomial eigenvalue decay

Similarly to last section, we firstly combine the criteria A;l = 2R/r and the polynomial eigenvalue

decay in Assumption 4,
1w
2pR
()

r

Moreover, by Lemma 1, we can compute the covering number of S(R, r,p):

£ 20R
1

: Aj p ¢ pp ¢ pp ¢ wp/2 P2
wnomef(3)-C (5T (T -2

i=

which indicates that effective Minkowski dimension of Py, is at most p/2. Let r = n~V/(2f+"") and

R = n!/Rwp+en®) with x = (1 + 1/w)/w. Then we obtain

ZpR Vo (1+1/w)/w y
p — =n 2p+nk — n2ﬂ+n7\' .
r

Thereby, we can compute the probability outside S(R,7;p):

2 2\\1% 2
P(X ¢ S(R,7;p)) :O[[exp( - % + log(%))] + exp(—% +log(d —p))] = O(exp(—n<2“}ﬂ3w"“)/3)).

Apply Theorem 2 with our choice of R, r and p. Accordingly, the tuple (L, B, K) is set as

(1+1/w)Bs (1+1/co)n®/(2B+1%) )

L= C]; B = O(n 2p+nk )’ and K = O(Tl 4p+2nk

Then we have

- 2 o2 Rg p/2 (Rs/r)p/z
IE” _ —o[P(X e S(Rr;p))+0r2+ T [25)  log| L
T, = O[PSR P () g B
2B 2 +1/w ﬁ K
cofo e T i) 10
n
2B +1/w ﬁ K
= O(Gn_2ﬁ+'fk f ol IR g 1og n).
Notice that
1+1/w 1 _x_ K 1+1/wf1 _—«_ 1
. —p2pT - —pn 2t
2 +nk 2 2+nc  2B+n*\2 w
< 2 1nﬁ+1
T 2p+nk\2
nK
<—,
2B +nk
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where the first inequality is due to w > 1. Therefore, plug the above inequality in (10), we derive
the following upper bound for generalization error:

E|f-r

2

, 2
= O(a n 2+ Jog n).
Lz(Pdata)

E Auxiliary Lemmas

In this section, we investigate the probability tail bound of standard Gaussian variable, which is
useful for the proof of Lemma 1. At first, we compute the tail bound for multivariate Gaussian
variable.

Lemma 8. Suppose Z = (zy,...,2,) ~ N(0,I,) is a standard Gaussian variable in RP. Then for any

24 p\2 4
IP(||Z||>t)§(2t +p) exp(— - )
p 2t +p

Proof. By the Markov’s inequality, for any u € (0,1/2), we have

P(I1Z]l > ) =P(exp(ulIZII*) > exp(ut?))
_Eexp(plZ|?)
~ exp(pt?)
:]_[f:1 lEexp(yziz)
exp(put?)

where the last equality comes from the independence of z;’s. To bound IEexp(yziz), we first exam-

t >0, we have

ine the moment generating function of z;: for any ¢t € IR,
[Eexp(tz;) = j exp(tw)p(w)dw = exp(t2/2),
R

where ¢(w) = (211)P/? exp(~w?/2) denotes the probability density function of stardard Gaussian.
Then multiply exp(~#2/(2u)) on both sides,

J;Rexp(tw - %)cj)(w)dw = exp(tz(’;; 1)).

By integrating both sides with respect to t, we have

2
Hw [ 2mp
\/27'(;4J1Rexp(—2 )¢(w)dw_1/—1_y,
2;,12-2 1
2\ 1| _
IEeXp(,uzi)_IEexp( 5 )_,/—1_21/[.

Therefore, for any p € (0,1/2), we have

which indicates

P(I1ZI > t) < (1 - 2p)"> exp(—pt?).

Let u = t?/(2t? + p) and thereby we can conclude the proof of the lemma.
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For standard Gaussian in IR, we derive a tighter upper bound in the following lemma.

Lemma 9. Suppose z~ N(0,1) is a standard Gaussian variable in R. Then for any ¢ > 0, we have

1
P(lz]| > t) < - 2.
(W )_exp( > )
Proof. Firstly, for any t > 0, compute the probability that z > ¢

P(z>t)= —exp(——zz)dz

_exp( 2t )L exp(—tu) mexp ke du
1,\(* 1 1,

< . _ -

_exp( 2t )L mexp( ke )du

Then notice that
P([l2ll > t) = P(z > ) + P(z < —t) = 2P(z > t).

Thereby, we can conclude the proof. O
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