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Abstract

Sparse additive models are families of d-variate functions that have the additive decompo-
sition f* =3 jes f7, where S is a unknown subset of cardinality s < d. We consider the case
where each component function f; lies in a reproducing kernel Hilbert space, and analyze a
simple kernel-based convex program for estimating the unknown function f*. Working within
a high-dimensional framework that allows both the dimension d and sparsity s to scale, we
derive convergence rates in the L?(IP) and L?(P,,) norms. These rates consist of two terms: a

subset selection term of the order %, corresponding to the difficulty of finding the unknown

s-sized subset, and an estimation error term of the order sv?2, where v2 is the optimal rate for
estimating an univariate function within the RKHS. We complement these achievable results by
deriving minimax lower bounds on the L?(IP) error, thereby showing that our method is optimal
up to constant factors for sub-linear sparsity s = o(d). Thus, we obtain optimal minimax rates
for many interesting classes of sparse additive models, including polynomials, splines, finite-rank
kernel classes, as well as Sobolev smoothness classes.

1 Introduction

The past decade has witnessed a flurry of research on sparsity constraints in statistical models.
Sparsity is an attractive assumption for both practical and theoretical reasons: it leads to more
interpretable models, reduces computational cost, and allows for model identifiability even under
high-dimensional scaling, where the dimension d exceeds the sample size n. While a large body
of work has focused on sparse linear models, many applications call for the additional flexibility
provided by non-parametric models. In the general setting, a non-parametric regression model
takes the form y = f*(z1,...,24) + w, where f : R? — R is the unknown regression function,
and w is scalar observation noise. Unfortunately, this general non-parametric model is known to
suffer severely from the so-called “curse of dimensionality”, in that for most natural function classes
(e.g., twice differentiable functions), the sample size n required to achieve any given error grows
exponentially in the dimension d.

Given this curse of dimensionality, it is essential to further limit the complexity of possible
functions f*. One attractive candidate are the class of additive non-parametric models [15], in
which the function f* has an additive decomposition of the form

d
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where each component function f is univariate. Given this decoupling, this function class no
longer suffers from the exponential explosion in sample size of the general non-parametric model.
Nonetheless, one still requires a sample size n > d for consistent estimation; note that this is true
even for the linear model, which is a special case of equation (1).

A natural extension is the class of sparse additive models, in which the unknown regression
function is assumed to have a decomposition of the form

[y ma) =Y (), (2)
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where S C {1,2,...,d} is some unknown subset of cardinality |S| = s. Of primary interest is the
case when the decomposition is genuinely sparse, so that s < d. To the best of our knowledge,
this model class was first introduced in Lin and Zhang [21], and has since been studied by various
researchers (e.g., [17, 23, 28, 37]). Note that the sparse additive model (2) is a natural generalization
of the sparse linear model, to which it reduces when each univariate function is constrained to be
linear.

In past work, several groups have proposed computationally efficient methods for estimating
sparse additive models (2). Just as ¢;-based relaxations such as the Lasso have desirable properties
for sparse parametric models, more general ¢;-based approaches have proven to be successful in
this setting. Lin and Zhang [21] proposed the COSSO method, which extends the Lasso to cases
where the component functions f]’-‘ lie in a reproducing kernel Hilbert space (RKHS); see also
Yuan [37] for a similar extension of the non-negative garrote [7]. Bach [3] analyzes a closely related
method for the RKHS setting, in which least-squares loss is penalized by an ¢;-sum of Hilbert
norms, and establishes consistency results in the classical (fixed d) setting. Other related ¢;-based
methods have been proposed in independent work by Koltchinskii and Yuan [17], Ravikumar et
al. [28] and Meier et al. [23], and analyzed under high-dimensional scaling. As we describe in more
detail in Section 3.3, each of the above papers establish consistency and convergence rates for the
prediction error under certain conditions on the covariates as well as the sparsity s and dimension
d. However, it is not clear whether the rates obtained in these papers are sharp for the given
methods, nor whether the rates are minimax-optimal.

This paper makes two main contributions to this on-going line of research. Our first contribution
is to analyze a simple polynomial-time method for estimating sparse additive models and provide
upper bounds on the error in both the L?*(P,) and L?*(P) norms. Our method is based on a
combination of least-squares loss with two f1-based sparsity penalty terms, one corresponding to
an ¢1/L?(P,) norm and the other an ¢1 /|| - || norm. This combination yields a second-order cone
program, for which solutions can be computed in polynomial time using interior-point methods
(see §4, 11 in Boyd and Vandenberghe [6] for details). Although closely related to the methods
considered in past work [3, 17, 23, 28], our estimator differs in the particular form of regularization,
and we suspect that these differences are important in obtaining optimal convergence rates. Our
first main result (Theorem 1) shows that that with high probability, the error of our procedure,
in either the squared L?(P,) or L?(P) norms, is bounded by O(% + sv2). Each of these two
terms has a natural interpretation. The quantity Sl‘;ii is a subset selection term, which reflects
the difficulty of extracting the s-sized subset of active functions from the total d. On the other
hand, the quantity v corresponds to the optimal rate for estimating a single univariate function, so
that sv2 corresponds to the s-dimensional estimation error associated with estimating s univariate
functions. This latter term depends on the sparsity s but not on the ambient dimension d. In order



to illustrate these rates more concretely, we discuss two particular consequences of Theorem 1.
First, Corollary 1 applies to parametric function classes and m-rank kernel classes, where 1/7% ~
Second, Corollary 2 applies to various types of non-parametric classes, among them Sobolev spaces,
where 12 ~ n=2¢/(2aF1) " for some o > 1/2.

Our second contribution is complementary in nature, in that it establishes lower bounds that
hold uniformly over all algorithms. These minimax lower bounds, stated in Theorem 2, are specified
in terms of the metric entropy of the underlying univariate function classes. For both finite-rank
kernel classes and Sobolev-type classes, these lower bounds match our achievable results, as stated
in Corollaries 1 and 2, up to constant factors in the regime of sub-linear sparsity (s = o(d)). Thus,
for these function classes, we have a sharp characterization of the associated minimax rates. The
proofs of these results are based on characterizing the packing entropies of the class of sparse
additive models, combined with the use of the Fano method.

The lower bounds derived in this paper initially appeared in the Proceedings of the NIPS Con-
ference (December 2009). As we were completing this write-up, we became aware of concurrent
work by Koltchinskii and Yuan [18] (hereafter KY) that analyzes essentially the same estimator as
that used to prove upper bounds in this paper. As with our analysis, they assume that the unit ball
of each univariate Hilbert class H;, for j = 1,...,d, is bounded. Under this assumption, they derive
a result (Theorem 3 in their paper) that contains the two terms involved in our Theorem 1, but also
includes additional pre-factors that depend on a global bound on the function class—that is, the
quantity C(Fas) = supser, , [|f oo, where Fy is the class of s-sparse additive models in d dimen-
sions. Our result (Theorem 1 in our paper) requires only that each univariate function is bounded,
which is much less restrictive than global boundedness. If the quantity C(Fy ) remains bounded
independently of the dimension d and sparsity s, then their result matches our rate up to constant
factors. On the other hand, if C'(Fgy ) scales with (d, s), then our bound, which has no dependence
on this quantity, is tighter. It is worth noting that the condition C(Fys) = O(1)—an assumption
that might seem innocuous at first sight—can be fairly restrictive for sparse additive models under
the high-dimensional scaling (d, s) — +o0. If a global boundedness condition is imposed, the rates
are not minimax-optimal in general—for instance, see Example 1 in Section 3.3. In addition to
global boundedness, there are other differences between the two papers. For instance, they analyze
a slightly more general class of quadratic-type losses, as opposed to the least-squares loss considered
here, and their analysis involves directly imposing RIP conditions on fixed design matrices, whereas
we consider the case of random design with independent co-ordinates (although our results hold
albeit with slightly worse constants if we impose RIP conditions instead of independence).

The remainder of the paper is organized as follows. In Section 2, we provide background on
kernel spaces and the class of sparse additive models considered in this paper. Section 3 is devoted
to the statement of our main results and discussion of their consequences; it includes description of
our method, the convergence rates that it achieves, and a matching set of minimax lower bounds.
Section 4 is devoted the proofs of our upper and lower bounds, presented in Sections 4.1 and
Section 4.2 respectively, with the more technical details deferred to the Appendices. We conclude
with a discussion in Section 5.

2 Background and problem set-up

We begin with some background on reproducing kernel Hilbert spaces, before providing a precise
definition of the class of sparse additive models studied in this paper.



2.1 Reproducing kernel Hilbert spaces

Given a subset X C R and a probability measure Q on X, we consider a Hilbert space H C L?(Q),
meaning a family of functions g : X — R, with ||g]| 12(Q) < o0, and an associated inner product
(-, -)3« under which H is complete. The space H is a reproducing kernel Hilbert space (RKHS) if
there exists a symmetric function K : X x X — R such that: (a) for each z € X, the function
K(-, z) belongs to the Hilbert space #, and (b) we have the reproducing relation f(z) = (f, K(-, z))x
for all f € H. Any such kernel function must be positive semidefinite; under suitable regularity
conditions, Mercer’s theorem [25] guarantees that the kernel has an eigen-expansion of the form

)= mede(x)e(a), (3)
=1

where p1 > po > ps3 > ... > 0 are a non-negative sequence of eigenvalues, and {(;5]} °, are the
associated eigenfunctions taken to be orthonormal in L?(Q). The decay rate of these eigenvalues
will play a crucial role in our analysis, since they ultimately determine the rate v,, for the univariate
RKHS’s in our function classes.

Since the eigenfunctions {¢,}72, form an orthonormal basis, any function f € H has an ex-
pansion of the f(z) = Y72, agpe(x), where ap = (f, ¢r)r2@q) = [y f(x)de(x) dQ(x) are (gen-
eralized) Fourier coefficients. Associated with any two functions in H—say f =Y ,2; apds and
g =721 bepp—are two distinct inner products The first is the usual inner product in the space
L?(Q)—namely, (f, g) 2(Q) i = =[x f ) dQ(x). By Parseval’s theorem, it has an equivalent rep-
resentation in terms of the expansmn coefﬁ(:lents—namely

[e.e]
)= asbs.
=1

The second inner product, denoted (f, g)3, is the one that defines the Hilbert space; it can be
written in terms of the kernel eigenvalues and generalized Fourier coefficients as

o0

— M
For more background on reproducing kernel Hilbert spaces, we refer the reader to various standard
references [2, 29, 30, 34, 12].
2.2 Sparse additive models over RKHS

Foreach j=1,...,d,let H; C L?(Q) be a reproducing kernel Hilbert space of univariate functions
on the domain X. Without loss of generality (by re-centering the functions as needed), we may
assume that

)] = /ij(a:)d(@(w) =0 for all f; € H;,

and for each j =1,2,...,d. For a given subset S C {1,2,...,d}, we define

S)e={f=>_fi | fi € Hy, and | filln, <1V j €S}, (4)

jeS



corresponding to the class of functions f : X% — R that decompose as sums of univariate functions
on co-ordinates lying within the set S. Note that H(S) is also (a subset of) a reproducing kernel
Hilbert space, in particular with the norm

1By = D il

JjeSs

where || - ||, denotes the norm on the univariate Hilbert space H;. Finally, for a cardinality
s€{1,2,...,]d/2]}, we define the function class

Faspi= |J  H). (5)
Sc{1,2,...,d}
|S|=s

To ease notation, we frequently adopt the shorthand F = Fy 4, but the reader should recall that
F depends on the choice of Hilbert spaces {H; }?:1, and moreover, that we are actually studying a
sequence of function classes indexed by (d, s).

Now let P = Q¢ denote the product measure on the space X% C R%. Given an arbitrary f* € F,

we consider the observation model
yi = f(z;) +w;, fori=1,2,...,n, (6)

where {w;}I" | is an i.i.d. sequence of standard normal variates, and {z;} is a sequence of design
points in R?, sampled in an i.i.d. manner from P.

Given an estimate f, our goal is to bound the error f— f* under two norms. The first is the usual
L?(IP) norm on the space F; given the product structure of P and the additive nature of any f € F,
it has the additive decomposition || f||7, ® = 2?21 151132 (g)- In addition, we consider the error in
the empirical L?(P,)-norm defined by the sample {z;}", defined as HfH%z(Pn) r= L5 ().
Unlike the L?(P) norm, this norm does not decouple across the dimensions, but part of our analysis
will establish an approximate form of such decoupling. For shorthand, we frequently use the
notation | flla = |fllz2w) and [|flln = [|fllz2p,) for a d-variate function f € F. With a minor
abuse of notation, for a univariate function f; € H;, we also use the shorthands || f;[l2 = || fjllz2(q)
and ||fj“n = ||f||L2(Qn)'

3 Main results and their consequences

This section is devoted to the statement of our main results, and discussion of some of their
consequences. We begin in Section 3.1 by describing a regularized M-estimator for sparse additive
models, and we state our convergence results for this estimator in Section 3.2. We illustrate its
convergence rates for various concrete instances of kernel classes. In Section 3.3, we provide a
detailed comparison between our results to past and concurrent work, including discussion of the
effect of global boundedness conditions on optimal rates. Finally, in Section 3.4, we state minimax
lower bounds on the L?(P) error, which establish the optimality of our procedure.



3.1 A regularized M-estimator for sparse additive models

For any function of the form f = Z;l:l fi, the (L*(Qy), 1) and (H, 1)-norms are given by

d d
= Ifillay and [ fllra =D 15l (7)
j=1

j=1
respectively. Using this notation, we define the cost functional

1< 2
L(F) =53 (i = F@))"+ Xl fllna + oull Fllaea- (8)
i=1
The cost functional L£(f) is least-squares loss with a sparsity penalty |/f||,1 and a smoothness
penalty || f|l7,1. Here (A, pn) are a pair of positive regularization parameters whose choice will be

specified by our theory. Given this cost functional, we then consider the M-estimator

fe argmfinﬁ(f) subject to f = Z?Zl fjand || fj|lyg < 1forall j=1,2,....,d. (9)

As stated, the problem (9) is infinite-dimensional in nature, since it involves optimization over
Hilbert spaces. However, an attractive feature of this M-estimator is that, as a straightforward
consequence of the representer theorem [16, 30], it can be reduced to an equivalent convex program
in R” x R%. In particular, for each j = 1,2, ...,d, let K7 denote the kernel function for co-ordinate
j. Using the notation x; = (%1, Zi2, - - -, Tid) for the it sample, we define the collection of empirical
kernel matrices K7 € R™*", with entries K], = K7 (xij,2¢;). By the representer theorem, any

solution f to the variational problem (9) can be written in the form

flz1,...,2 ZZ@W (25, i5),

i=1 j=1

for a collection of weights {@j eR™ j=1,... ,d}. The optimal weights are obtained by solving
the convex program

(@1,...,0q) =arg  min {\y ZKj%HerA Z\/*I!Kﬁagllfrpnzx/ TK]%}

TKJa]<1

(10)

This problem is a second-order cone program (SOCP), and there are various algorithms for solving
it to arbitrary accuracy in time polynomial in (n,d), among them interior point methods (e.g., see
§11 in the book [6]).

Various combinations of sparsity and smoothness penalties—all slightly different than the ap-
proach proposed here—have been used in in past work on sparse additive models. For instance,
the method of Ravikumar et. al [28] is based least-squares loss regularized with single sparsity con-
straint, and separate smoothness constraints for each univariate function. They solve the resulting
optimization problem using a back-fitting procedure. Koltchinskii and Yuan [17] develop a method



based on least-squares loss combined with a single penalty term Z;lzl | fill2¢. Their method also
leads to an SOCP if H is a reproducing kernel Hilbert space, but differs from the program (10) in
lacking the additional sparsity penalties. Meier et. al [23] analyzed least-squares regularized with a

penalty term of the form Z?Zl \/)\1||f]\|% + X2l f5]13;, where A1 and Ay are a pair of regularization
parameters. In their method, A1 controls the sparsity while Ay controls the smoothness. If ‘H is an
RKHS, the method in Meier et. al [23] reduces to an ordinary group Lasso problem on a different
set of variables, which is another type of SOCP.

3.2 Convergence rates

We now state a result that provides convergence rates for the estimator (9), or equivalently (10).
To simplify presentation, we state our result in the special case that the univariate Hilbert space
Hj,j =1,...,dareall identical, denoted by H. The analysis and results extend in a straightforward
manner to the general setting of distinct univariate Hilbert spaces, as we discuss following the
statement of Theorem 1.

Let g1 > po > ... > 0 denote the non-negative eigenvalues of the kernel operator defining the
univariate Hilbert space H, as defined in equation (3), and define the function

NG

For a constant kg > 0 to be chosen, let v, > 0 be the smallest positive solution to the inequality

Ro(t) i = in[zmm{t?,w}]”? (11)
/=1

V2 > Ko Ra(vp). (12)

We refer to v, as the critical univariate rate, as it is the minimax-optimal rate for L?(IP)-estimation
of a single univariate function in the Hilbert space H (e.g., [24, 32]). This quantity will be referred
to throughout the remainder of the paper.

Our choices of regularization parameters are specified in terms of the quantity

(13)

log d
Vn 1= K1 max{ym T},
where k1 > 0 is a sufficiently large constant, independent of the sample size and function classes.
We assume that each function within the unit ball of the univariate Hilbert space is bounded—that
is, for each j=1,...,d
Ifille <1 for all £yl < 1. (14)

This condition is fairly mild, and is implied by having a bounded univariate kernel function, for
instance. These types of boundedness condition are quite standard for proving upper bounds on
rates of convergence for non-parametric least squares in the univariate case d = 1 (see e.g. [31, 32]).
However, note that we do not assume that the functions f = > jes fj in F are uniformly bounded
independently of (d, s).

The following result applies to any class Fg s 3, of sparse additive models based on the univariate
Hilbert space satisfying condition (14), and to the estimator (9) based on n i.i.d. samples (z;, y;)I"
from the observation model (6).



Theorem 1. Let f be any minimizer of the convex program (9) with regularization parame-
ters Ay = c3yn and p, = c4y2 for sufficiently large constants c3 and cy. Then provided that
ny2 = Q(log(1/v,)), there are universal constants (C,cy,c2) such that

S log

Pl|f - )2 > +svp | < crexp(—canyy). (15)

Remarks: (a) The technical condition ny2 = Q(log(1/v,)) is quite mild, and satisfied in most
cases of interest, among them the kernels considered below in Corollaries 1 and 2.

(b) Although Theorem 1 is stated for the empirical L2( n) error, the same bound holds for the
error ||[TLz(f) — f*||2, where ILz(f) is _the projection of f onto the class F under the L2(P,)-norm.
Although we suspect that the error || f—r *||2 satisfies the same bound (15), our current techniques
only allow us to control the projected function II 7( f) If we imposed a global boundedness con-
dition, then it would follow that || f- f*ll2 has the same scaling as || F—r |l under the given
conditions. It remains an open question if one can directly establish such a bound without a global
boundedness condition.

(c) For clarity, we have stated our result in the case where the univariate Hilbert space H is identical
across all co-ordinates. However, our proof extends with only notational changes to the general
setting, in which each co-ordinate j is endowed with a (possibly distinct) Hilbert space ;. In this

case, the M-estimator returns a function fsuch that (with high probability)

~ L, slogd
IF- 2 S 32

jes

where v, ; is the critical univariate rate associated with the Hilbert space H;, and S is the subset
on which f* is supported.

(d) As described in the introduction, the rate Slogd + sv2 may be interpreted as the sum of a subset

logd
st;Lg)

selection term ( and an s-dimensional estlmatlon term (sv2). Note that the subset selection

term (%) is independent of the choice of Hilbert space H whereas the s-dimensional estimation
term is independent of the ambient dimension d. Depending on the scaling of the triple (n, d, s) and
the smoothness of the univariate RKHS H, either the subset selection term or function estimation
term may dominate. In general, if Ogd = o(v2), the s-dimensional estimation term dominates, and

vice versa otherwise. At the boundary7 the scalings of the two terms are equivalent.

Theorem 1 has a number of corollaries, obtained by specifying particular choices of kernels.
First, we discuss m-rank operators, meaning that the kernel function K can be expanded in terms
of m eigenfunctions. This class includes linear functions, polynomial functions, as well as any
function class based on finite dictionary expansions.

Corollary 1. Under the same conditions as Theorem 1, consider an univariate kernel with finite
rank m. Then any solution f to the problem (9) satisfies

—~ logd
P| max {[|f = £I12, IL=(F) = £3} > O{==25 +

s%} < crexp (— ca(m +logd)). (16)



Proof. Tt suffices to show that the critical univariate rate (12) satisfies the scaling v2 = O(m/n).
For a finite-rank kernel and any ¢ > 0, we have

1 U . m
Rn(t) = Jn > min{t2, p;} < Vit
j=1

from which the claim follows by the definition (12). O

Next, we present a result for the RKHS’s with infinitely many eigenvalues, but whose eigenvalues
decay at a rate uy ~ (1/£)?* for some parameter o > 1/2. Among other examples, this type of
scaling covers the case of Sobolev spaces, say consisting of functions with « derivatives (e.g., [5, 13]).

Corollary 2. Under the same conditions as Theorem 1, consider an univariate kernel with eigen-
value decay g ~ (1/0)%* for some a > 1/2. Then the kernel estimator defined in (9) satisfies

—~ ~ logd
P max {1~ I, ML) - f3} > {2

+ s(%)%} < crexp ( - CZ(”ﬁ + logd)).
(17)

Proof. As in the previous corollary, we need to compute the critical univariate rate v,. Given the

— L
assumption of polynomial eigenvalue decay, a truncation argument shows that R, (t) = O(t \/%“ )

o o . . -4 .
Consequently, the critical univariate rate (12) satisfies the scaling v2 < v, 2* /y/n, or equivalently,
2 2a

Ui X n 2af1, O

3.3 Comparison with other work

It is interesting to compare these convergence rates in L?(IP,,) error with those established in past
work [17, 23, 28]. Ravikumar et. al [28] show that any solution to their back-fitting method is con-
sistent in terms of mean-squared error risk (see Theorem 3 in their paper). However, their analysis
does not appear to track s explicitly, and assumes that d is sufficiently large to ensure that the
subset selection term dominates, so the result is not directly comparable. The method of Koltchin-
skii and Yuan [17] is based regularizing the least-squares loss with the (,1)-norm penalty—that
is, Z?zl || fill7¢; Theorem 2 in their paper presents a rate that captures the decomposition into two
terms, which can be interpreted as related to subset selection and s-dimensional estimation term.

In quantitative terms, however, their rates are looser than those given here; in particular, their
s3logd

> which is larger than the bound in Theorem 1. For their

bound includes a term of the order

algorithm, Meier et al. [23] establish a convergence rate of the form O(s(%)%) in the case of
a-smooth Sobolev spaces (see Theorem 1 in their paper). This result is sub-optimal compared to
the optimal rate proven in Theorem 2(b) in regimes when d is large.! In all of the above-mentioned
methods, it is unclear whether or not sharper analysis would yield better rates.

Finally, as discussed previously in the introduction, the concurrent work of Koltchinskii and
Yuan [18] analyzes a method that is essentially the same as our M-estimator (9). In terms of rates

. 2a . .
!More precisely, we either have % < (%)QQH, when subset selection term dominates, or

2 2a
= 1 d\ =5~ . . . . .
(1)2a+1 < (*84)2a+T | when the s-dimensional estimation term dominates.



obtained, they establish a convergence rate based on two terms as in Theorem 1, but with a pre-
factor that depends on the global bound C(Fy,s) = supscr, . [|fllo- (Recall that functions f € Fs
consist of sums of the form f = Zje g [j, where S has cardinality s.) In contrast, our pre-factor
contains no dependence on this global quantity. Thus, if one assumes that C(Fgs) = O(1) even
as (d, s) scale, then the rates obtained are the same up to constant factors. However, making such
an assumption in the high-dimensional setting can be quite restrictive. Indeed, as shown by the
following example, it can lead to quite “small” function classes F; ¢ for which much faster rates
can be achieved using different methods.

Example 1 (Restrictiveness of assuming global boundedness). Suppose that each covariate x; is
uniform on [—1,+1], and consider the class of univariate linear functions

H:={ga :R—=>R | a€R}, wheregy(z;)=az;.

Thus, our function class F = Fy , consists of sparse linear functions of the form

fa(x) =) gp,(z) = Bja;.

jes jes

Since [|gg;|lc = [B;|, boundedness of the univariate classes amounts to the requirement [3;| < 1.
Moreover, for any function fg € F, note that we have ||fs|lc = ||B|li. Consequently, impos-
ing the global boundedness condition C(F) = supj,er|lfsllc < R is equivalent to the con-
straint ||8]|1 < R, so that the problem reduces to ordinary linear regression over the ¢;-ball
Bi(R) = {B € R? | ||3]|1 < R}. For this problem, it is known [8, 27] that the Lasso will produce an

estimate such that

18-85 R

logd
18
& (18)

with high probability.” This rate is independent of s because the global boundedness condition
restricts us to a ¢1-ball with constant radius R; indeed, the rate (18) is minimax-optimal over the
set B1(R) (e.g., see the paper [27]). In contrast, the error bound

slogd

o) x2S
— — 19
18- 61 2 + 2 (19)
does depend on s and so can be substantially weaker, depending on the choice of s. For exam-
ple, taking s = [v/d], the optimal rate (18) scales logarithmically in d whereas the scaling of the
sub-optimal rate (19) is exponentially larger. This construction shows that the rates derived under

global boundedness conditions are not minimax-optimal in general.

Returning to the setting of a general RKHS H(S), a global boundedness condition imposes an
upper bound on the Hilbert norm radius of functions in Fs4 = U, 5|ZSH(S). Indeed, for a given
subset S, let p > 0 be the largest radius such that {||f|[+ ) < p} € F. Then for any z € X, we

2Here we use to denote inequality up to constant factors depending on variances of the design and noise. This is
the optimal rate for regression over £;-balls, as opposed to £y-balls.
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have

sup [f(z)| = sup [f(z)]
fer 1l sy<e

= sup  |[{f, K(,2))s)
1 ll2ecs)<p

= pIKC ) lags)

=p\/K(z,2),

where K denotes the kernel associated with #(S). By definition of the Hilbert space H(), we have

K(z,z) = >_;c5K(z;, z;), where K(z;, z;) is the univariate kernel over co-ordinate j. Consequently,
we have the lower bound

p sup K2l =p sup  |> Kzj,z))
zeX|S| wexisl \[ 75

> p /s sup VK(z1,21),
r1EX

showing that we require the bound p = O(1/4/s) in order to ensure C(F;4) = O(1).

3.4 Minimax lower bounds

In this section, we provide minimax lower bounds in L?(P) error so as to complement the achiev-
ability results derived in Theorem 1. Given the function class F, the minimax L?(P)-error is given
by
Mp(F) : = inf sup | fu — f[13, (20)
fn [XEF
where the infimum is taken over all measureable functions of n samples {(y;,x;)}! ;. As defined,
this minimax error is a random variable, and our goal is to obtain a lower bound in probability.
Central to our proof of the lower bounds is the metric entropy structure of the univariate
reproducing kernel Hilbert spaces. More precisely, our lower bounds depend on the packing entropy,
defined as follows. Let (G, p) be a totally bounded metric space, consisting of a set G and a metric
p:GxG— Ry. An e-packing of G is a collection {f!,..., fM} C G such that p(f?, f7) > e for
all i # j. The e-packing number M (¢; G, p) is the cardinality of the largest e-packing. The packing
entropy is the simply the logarithm of the packing number, namely the quantity log M (e; G, p), to
which we also refer as the metric entropy.
With this set-up, we derive explicit minimax lower bounds for two different scalings of the uni-
variate metric entropy.

Logarithmic metric entropy: There exists some m > 0 such that
log M (€;By(1),] - ||2) =~ m log(1/€) for all € € (0,1). (21)

Function classes with metric entropy of this type include linear functions (for which m = k),
univariate polynomials of degree k (for which m = k + 1), and more generally, any function space

11



with finite VC-dimension [33]. This type of scaling also holds for any RKHS based on a kernel with
rank m (e.g., see [10]), and these finite-rank kernels include both linear and polynomial functions
as special cases.

Polynomial metric entropy There exists some a > 0 such that
log M (€; By (1), || - |]2) ~ (1/e)Y/ for all € € (0,1). (22)

Various types of Sobolev/Besov classes exhibit this type of metric entropy decay [5, 13]. In fact,
any RKHS in which the kernel eigenvalues decay at a rate j~2¢ have a metric entropy with this
scaling [9, 10].

We are now equipped to state our lower bounds on the minimax risk (20):

Theorem 2. Given n i.i.d. samples from the sparse additive model (6) with sparsity s < d/4,
there is an universal constant C > 0 such that:

(a) For a univariate class H with logarithmic metric entropy (21) indexed by parameter m, we
have

Mp(F) > O{Slognws) + sZ‘} (23)

with probability greater than 1/2.

(b) For a univariate class H with polynomial metric entropy (22) indexed by o, we have

gﬁp(]:) > C{SIOg(d/S) + S(l) 2§i1} (24)

n n

with probability greater than 1/2.

The choice of stating bounds that hold with probability 1/2 is simply a convention often used in
information-theoretic approaches (see, for instance, the papers [14, 35, 36]). We note that analogous
lower bounds can established with probabilities arbitrarily close to one, albeit at the expense of
worse constants. The most important consequence of Theorem 2 is in establishing the minimax-
optimality of the results given in Corollary 1 and 2; in particular, in the regime sub-linear sparsity
(i.e., for which logd = O(log(d/s))), the combination of Theorem 2 with these corollaries identifies
the minimax rates up to constant factors.

4 Proofs

In this section, we provide the proofs of our main results, namely Theorems 1 and 2. For clarity
in presentation, we split the proofs up into a series of lemmas, with the bulk of the more technical
proofs deferred to the appendices. This splitting allows our presentation in the main text to be
relatively streamlined.

12



4.1 Proof of Theorem 1

At a high-level, Theorem 1 is based on an appropriate adaptation to the non-parametric setting
of various techniques that have been developed for bounding the error in sparse linear regression
(e.g., [4, 26]). In contrast to the parametric setting (where classical tail bounds are sufficient),
controlling the error terms in this analysis requires more advanced techniques from empirical process
theory. In particular, we make use of concentration theorems for Gaussian and empirical processes
(e.g., [19, 22]) as well as results on the Rademacher complexity of kernel classes [24]. At a high-
level, the proof is based on four technical lemmas. First, Lemma 1 provides an upper bound on
the Gaussian complexity of any function of the form f = Z;l:1 fj in terms of the norms || - |41
and || - ||n,1 previously defined. Lemma 2 exploits the notion of decomposability [26], as applied
to these norms, in order to show that the error function belongs to a particular cone-shaped set.
Finally, Lemma 3 and 4 establish some relations between the that the L?(P) and L?(IP,) norms of
functions in the class F. The latter lemma involves a truncation argument so as to avoid having
to impose global bounds on the function class.

Throughout the proof, we use C and ¢;, ¢+ = 1,2, 3,4 to denote universal constants, independent
of (n,d,s). Note that the precise numerical values of these constants may change from line to
line. We use (ko, k1, k2, k3) to denote constants, independent of (n,d, s), but whose value is fixed
throughout. To ease notation, we define

52 ::%Q{SIng —i—sug},

where the constant o > 0 is to be chosen. Recall the definitions of v, and -, from equations (12)
and (13) respectively, and note that 6,, = ©(y/sv,). For asubset A C {1,2,...,d} and an additively
decomposed function f = Z;lzl fj, we adopt the convenient notation

fallna == D fillny and  [[fallwa = D Ifln (25)

jeA jEA

4.1.1 Establishing a basic inequality

We begin by establishing a basic inequality on the error function A= f— f*. Since fand f* are,

respectively, optimal and feasible for the problem (9), we are guaranteed that £(f) < L(f*), and
hence that the error function A satisfies the bound

n

1 ~ n n 1 ¢ * *
o 2 (wi— A(i)* + Xall fllng + pall Fllrr < on Y wf + Nl ln + pall £ ll31-
=1 =1
Some simple algebra yields the bound
slAlR <[~ > wid@i)] + Aol Allna + pall Al (26)
i=1

which we refer to as our basic inequality [32].
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4.1.2 Controlling the noise term

The following lemma provides control the term on the right-hand side of inequality (26) by simul-
taneously bounding the Gaussian complexity for univariate function A; in terms of their ||.||,, and

logd
n

|||l norms. In particular, recalling that -y, = 1 max{ , Un}, we have the following lemma.

Lemma 1. For a constant k3 > 0, define the event

T (vn) 2={V i=12....4d, Ezwiﬁj(%)! <2k3 {7 14l +vn HAjlln}}- (27)
i=1

Then under the condition ny2 = Q(log(1/v,)), we have

P(T (7)) > 1 — c1 exp(—canny?). (28)
The proof of this lemma, provided in Appendix A, uses concentration of measure for Lipschitz
functions over Gaussian random variables [19] combined with a peeling argument [1, 32]. The
subset selection term (%) in Theorem 1 arises from taking the maximum over all d components.

4.1.3 Exploiting decomposability

The remainder of our analysis involves conditioning on the event 7 (7). Using Lemma 1, on the
event 7T (v,) we have:

na + 2637 | Alla1 + Aall Al + ol Al

1 ~ ~
SIAIE < 205028

Recalling that S denotes the true support of the unknown function f*, note that we have HﬁHnl =
Hﬁg”nl + HﬁScHnJ, with a similar decomposition for HﬁHHl The next lemma shows that con-
ditioned on T (vy), the quantities HA”Hl and HﬁHnl are not significantly larger than the corre-
sponding norms as applied to the function 35.

Lemma 2. Conditioned on T (), and with the choices Ny, > 4k37y, and py > 4&37%, we have
Al Bllnt + pallAllsea < Al Aslln + 4pnll Asllrs (29)

The proof of this lemma, provided in Appendix B, is based on the decomposability [26] of the ||- |21
and || - ||,1 norms. This lemma allows us to exploit the sparsity assumption, since in conjunction
with Lemma 1, we have now bounded the right-hand side of the basic inequality (26) in terms
involving only Ag. In particular, still conditioning on 7 (7,) and applying Lemma 2, we obtain

1A < C {mllAsllng +721Asl1 + Ml Asllng + ool Asllae }
< C {mllAslln1 + vl Asllza

where® we have recalled our choices A\, = O(v,) and p, = O(v2). Finally, since both fj and f7
belong to By (1), we have

1Al < W fill2e + 1157 Nl < 2,
which implies that Hﬁg”yl < 2s, and hence
1AL < C {rmllAsng + 572} (30)

3In this step and elsewhere, the reader should be reminded of our convention that the numerical value of C' can
change from line to line.
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4.1.4 Relating the L?(P,) and L?(P) norms

It remains to control the term Hﬁan,l =D jes HAJHR Ideally, we would like to upper bound it

by /5||Aglln. Such an upper bound would follow immediately if it were phrased in terms of the
| - |2 rather than the || - ||, norm, but there are additional cross-terms with the empirical norm.
Accordingly, we make use of two lemmas that relate the || - ||,, norm and the population || - ||2 norms
for functions in F.

In the statements of these results, we adopt the notation g and g; (as opposed to f and f;)
to be clear our results apply to any g € F. We first provide an upper bound on the empirical
norm ||g;|| in terms of the associated ||gj||2 norm, one that holds uniformly over all components
i=1,2,....d

Lemma 3. For a universal constant C and j = 1,2,...,d, consider the events

Aj(m) = {llgjlln < 4llgjllz + Com  for all g; € By (2)}, (31)

as well as A(y,) = ﬂ“f:lAj(fyn). If the univariate Hilbert space H satisfies condition (14), then
there are universal constants (c1,c2) such that

IP’[A(’yn)] >1—c exp(—czn’y,%).
We now define the function class 2F := {f + f' | f,f € F}. Our second lemma guarantees
that the empirical norm || - ||, of any function in 2F is uniformly lower bounded by the norm | - ||2.

Lemma 4. Define the event

B(5,) :—{ugui > llgl2/4 for all g € 2F with gll> > 6n}. (32)

If the underlying univariate Hilbert space H satisfies condition (14), then there are universal con-
stants (c1,c2) such that

P[B(6,)] > 1 — c1 exp(—cand?).

Lemmas 3 and 4 are proved in Appendices F and D, respectively. Note that while both results
require bounds on the univariate function classes (recall condition (14)), they do not require global
boundedness assumptions—that is, on quantities of the form || Zje g 9jllec- Typically, we expect
that the || - ||co-norms of functions g € F scale with s.

4.1.5 Completing the proof

Using Lemmas 3 and 4, we can complete the proof of Theorem 1. For the remainder of the proof,
let us condition on the events A(7,) and B(d,). Conditioning on the event A(+y,), we have

A5l =D 1Ajlln <43 1All2 + Csva < 4Vs]|Asla + Com (33)
jeSs jes

Our next step is to upper bound ||Ag||2 in terms of || Ag, and sv,. We split our analysis into two
cases.
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Case 1: If HASHQ < 0p, = O(y/s7), then combined with the bound (33), we conclude that

1As]In1 < Csyn- (34)

Case 2: Otherwise, we have ||Aglls > 6,. Note that the function Ag = >jes Aj belongs to the
class 2F, so that it is covered by the event B(d,). In particular, conditioned on the event B(6,),
we have ||Agll2 < 2||Agl|n. Combined with the bound (33), we conclude that

1Asln1 < C{VsllAsln + 570} (35)
Note that (disregarding constants) the bound (34) is at least as good as the bound

(
therefore, in either case, a bound of the form (35) holds. Substituting the inequality (35
the bound (30) yields

1m

35);
i

IAIR < C{mllAsllng + 59} < C{VovallAslln+ 572} (36)

Since |Ag|ln < ||Alln, the bound (36) implies that || A, < C v/s7,. This bound is valid conditioned

on the events T (v,), A(7,) and B(d,). Using Lemmas 1, 3 and 4 in conjunction, we obtain
P(T (70) NV A(n) N B(6n)) 2 1 —crexp (— cany),

thereby showing that ||f— f*lln < C/sy, with the claimed probability.

Finally, let us extend the result to the error HH]:(J?) — f*[l2, as mentioned in the remarks
following Theorem 1. In order to do so, we exploit Lemma 4. Since the function IIz(f) — f*
belongs to 2F, we may apply the lemma to it. We conclude that either HH]:(]?) — f*ll2 < dp, in

which case we are done, or that, with probability at least 1 — c; exp(—cond?2), we have

~ ~

ITE(f) = f*ll2 < 2[TTF(f) = f*]ln
< 2{ITx(f) = flln + If = f*lln}

where the second step follows by triangle inequality. Now by definition of the projection, since
f*eF C2F, we must have ||f — f*|ln > || f — ILr(f)||n, from which we conclude that

IT=(F) = £l < 41F = £,

which completes the proof of Theorem 1.

4.2 Proof of Theorem 2

We now turn to the proof of the minimax lower bounds stated in Theorem 2. For both parts (a)
and (b), the first step is to follow a standard reduction to testing (e.g., [14, 35, 36]) so as to obtain
a lower bound on the minimax error 9Mp(F) in terms of the probability of error in a multi-way
hypothesis testing. We then apply different forms of the Fano inequality [36, 35] in order to lower
bound the probability of error in this testing problem. Obtaining useful bounds requires a precise
characterization of the metric entropy structure of 7y, 7, as stated in Lemma, 5.
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4.2.1 Reduction to testing

We begin with the reduction to a testing problem. Let {f',..., fN} be a §,-packing of F in the ||-||o-
norm, and let © be a random variable uniformly distributed over the index set [N] := {1,2,...,N}.
Note that we are using N as a shorthand for the packing number M (d,;F,| - ||2). A standard
argument (e.g., [14, 35, 36]) then yields the lower bound

inf sup P[|f - |3 > 57/2] > inf P[® # 0], (37)
f frerF S}

where the infimum on the right-hand side is taken over all estimators © that are measurable
functions of the data, and take values in the index set [N].

Note that IP’[(:) # O] corresponds to the error probability in a multi-way hypothesis test, where
the probability is taken over the random choice of ©, the randomness of the design points X' : =
{x;}_,, and the randomness of the observations Y;" : = {y;}/ ;. Our initial analysis is performed
conditionally on the design points, so that the only remaining randomness in the observations Y}"
comes from the observation noise {w;}! ;. From Fano’s inequality [11], for any estimator 0, we

~ ]Xn(@;Yln)-i-lOg? . .
have P[© # © | X'] > 1 — — gy Where Ixz(0;Y(") denotes the mutual information

between © and Y|* with X7 fixed. Taking expectations over X', we obtain the lower bound

EXIL [IX{‘ (@7 Y{L)] + 10g2

PO#06]>1- log N

(38)

The remainder of the proof consists of constructing appropriate packing sets of F, and obtaining
good upper bounds on the mutual information term in the lower bound (38).
4.2.2 Constructing appropriate packings

We begin with results on packing numbers. Recall that log M (; F, || - ||2) denotes the d-packing
entropy of F in the || - |2 norm.

Lemma 5. (a) For all6 € (0,1) and s < d/4, we have

log M35 |2) = O(s 1o M (=i Ba(1). - 2) + slog 5). (39)

(b) For a Hilbert class with logarithmic metric entropy (21) and such that ||f|l2 < || f|l%, there
exists set {f', ..., fM} withlogM > C {slog(d/s) + sm}, and

§ < |Iff— ™o < 86 forallk#me{1,2,...,M). (40)

The proof, provided in Appendix E, is combinatorial in nature. We now turn to the proofs of parts
(a) and (b) of Theorem 2.

4.2.3 Proof of Theorem 2(a)

In order to prove this claim, it remains to exploit Lemma 5 in an appropriate way, and to upper
bound the resulting mutual information. For the latter step, we make use of the generalized Fano
approach (e.g., [36]).
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From Lemma 5, we can find a set {f',...,fM} that is a d-packing of F in fs-norm, and
such that ||f* — f||lo < 85 for all k,¢ € [M]. For k = 1,..., M, let Q¥ denote the conditional
distribution of Y;* conditioned on X} and the event {© = k}, and let D(Q" || Qf) denote the
Kullback-Leibler divergence. From the convexity of mutual information [11], we have the upper
bound Ix»(0;Y]") < @ 22’4@:1 D(QF || Q). Given our linear observation model (6), we have

n |l f* = f2
(@k HQZ o — Z fk 171 fﬁ xz)) — ‘2H’
and hence
n M n U
H‘E_}q1 [IX{L(Yl 5 57 Z ka fEH - 57 Z ka —szg
2 k=1 2 k=1

Since our packing satisfies || f* — f¢||3 < 6402, we conclude that
Exp [Ixn (Y1 ©)] < 32n6°.

From the Fano bound (38), for any ¢ > 0 such that % < i, then we are guaranteed that

[(:) # 0] > 3 From Lemma 5(b), our packing set satisfies log M > C{sm + slog(d/s)}, so that
so that the ch01ce 2= { M} for a suitably small C" > 0, can be used to guarantee
the error bound P[O© # O] > 2.

4.2.4 Proof of Theorem 2(b)

In this case, we use an upper bounding technique due to Yang and Barron [35] in order to upper
bound the mutual information. Although the argument is essentially the same, it does not fol-
low verbatim from their claims—in particular, there are some slight differences due to our initial
conditioning—so that we provide the details here. By definition of the mutual information, we have

L (O:Y]") = 57 ZD (@" || Py),

where Q% denotes the conditional distribution of Y7* given © = k and still with X7 fixed, whereas
Py denotes the marginal distribution of Py-. Now let {g',...,¢g"} be an e-cover of F in the || - |2
norm, for a tolerance e to be chosen. As argued in Yang and Barron [35], we have

M
I (O:Y]) = 5" DO || By) < D@ ZP’“
=1

where P¢ denotes the conditional distribution of Y" given g% and X7'. For each /¢, let us choose
0*(k) € argming—y__n [|g° — f¥||2. We then have the upper bound

M
n 1 n *
Ixp(0;Y7") < i > {logN + 5”96 ") — R}
k=1
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Taking expectations over X', we obtain

M
Exp[Ix7(0;Y7")] Z log N + EX"[HQ — A1}
k:

<log N + g €
where the final inequality follows from the choice of our covering set.
From this point, we can follow the same steps as Yang and Barron [35]. The polynomial
scaling (22) of the metric entropy guarantees that their conditions are satisfied, and we conclude
that the minimax error is lower bounded any 6, > 0 such that

ndy, 1og N(8n; F, || - [[2)-
From Lemma 5 and the assumed scaling (22), it is equivalent to solve the equation

né2 slog(d/s) + s(v/s/6n)",

2a
from which some algebra yields §2 = C { s log( d/ 9 4 s( )2a+1 } as a suitable choice.

5 Discussion

In this paper, we have studied estimation in the class of sparse additive models defined by uni-
variate reproducing kernel Hilbert spaces. In conjunction, our two main results provide a precise
characterization of the minimax-optimal rates for estimating f* in the L?(P)-norm for various ker-
nel classes. These classes include the case of finite-rank kernels (with logarithmic metric entropy),
as well as kernels with polynomially decaying eigenvalues (and hence polynomial metric entropy).
In order to establish achievable rates, we analyzed a simple M-estimator based on regularizing the
least-squares loss with two kinds of #1-based norms, one defined by the univariate Hilbert norm
and the other by the univariate empirical norm. On the other hand, we obtained our lower bounds
by a combination of approximation-theoretic and information-theoretic techniques. An interesting
feature of the minimax rates derived here is that they exhibit a natural decoupling into the complex-
ities associated with two sub-problems. The first term corresponds to the difficulty of performing
subset selection—that is, determining which s out of d co-ordinate functions are active. The second
term corresponds to the difficulty of estimating a sum of s univariate functions, assuming that the
correct co-ordinates are known.

There are a number of ways in which this work could be extended. For instance, although
our analysis was based on assuming independence of the covariates x;j, j = 1,2,...d, it would be
interesting to investigate the case when the random variables are endowed with some correlation
structure. One might expect some changes in the optimal rates, particularly if many of the variables
are strongly dependent. This work considered only the function class consisting of sums of univariate
functions; a natural extension would be to consider nested non-parametric classes formed of sums
over hierarchies of subsets of variables. Analysis in this case would require dealing with dependencies
between the different functions.
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A  Proof of Lemma 1

Define the function

Ryj(r) :=Eyu[ sup szg i)
||91Hn<7"
llg;llae<1
and let 7, ; > 0 denote the smallest positive solution of the inequality 256r% > 7/@”7]- (r). The
function R, j(r) defines the local Gaussian complexity of the kernel class in co-ordinate j. Using
the techniques of Mendelson [24], it follows that there is an universal constant ¢y > 0 such that

R me{u], 1/2 (41)

where {fi,}}_, are the eigenvalues of the empirical kernel matrix. (The results of Mendelson are
stated for the population Rademacher complexity, but a similar argument establishes the bound (41)
for the empirical Gaussian complexity.)

Recall that the critical univariate rate v, is defined in terms of the closely related function
Ru(r) = ﬁ (> min{r2,m}]1/2, where {110}72, are the eigenvalues of the (population) kernel
operator. Define the event

D(n) :={Vnj < m, forallj=1,2,...,d}, (42)

where we recall that v, : = k1 max {I/n, W, logd}. It is a consequence of Lemma 6 in Appendix F that

P[D(y,)] > 1—c; exp(—cany?). Consequently, we proceed by conditioning on this event throughout
the remainder of the proof.
In the remainder of the proof, our goal is to prove that

S widi(e)| < C {2 sl +n Islla} - forall f € M (43)
=1

with probability greater than 1 — ¢; exp(—cany?2). By combining this result with our choice of v,
and the union bound, the claimed bound on P[7 (v;,)] then follows.
If f; =0, then the claim (43) is trivial. Otherwise, we write

1< 1
ﬁzwifj(xij) =il > wigj(xi),  where g := fi/| fjlln-
=1 1=1
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Noting that ||g;|l = 1, we are led to study the random variable

Znj(w;rj) 1= sup E w;igi(zi;),
||91||n<TJ i=1
llg;lln <1

a quantity that satisfies ﬁnyj(rj) =E,[Z, j(w;r;)] by construction.
Our next step is to establish that for any fixed radius r; > 0, we have tail bound

P|Zyj(wir;) > C {72 +n 7"j}:| <crexp{ —cony2 (1 + (/r5)?) }. (44)

We then use a peeling argument to extend the bound to a uniform one over the radius r;.

Establishing the tail bound (44): Viewing Z, ; as a function of w, we first bound its Lipschitz
constant. For any two vectors w,w’ € R", we have

| Zn,j (w3 r5) — Zin j(w's ;)] S — sup |Z w;)g; x”)‘

n ||9J||n<ra i=1

L |lw —w’

Therefore, by concentration of measure for Lipschitz functions of Gaussian variables [19], we have
2

P[Zn,j(w; i) > E[Z, j(w;r;)] + t] < 2exp(— n2—72) (45)
j

IN

Setting t = 7, (1j + v,) yields an upper bound of the form of right-hand side of equation (44).
In order to complete the proof of the bound (44), we need to show

E[Z, j(w;r;)] < C{’y,% + Yn rj} for all r; > 0.
We do so by splitting into two cases.

~

Case 1: If r; <1, j, then we have ﬁn,j (r;) < Rn,j(Vn;) <256 ﬁZJ where the second inequality
follows from our choice of 7, ;.

Case 2: Otherwise, if 7; > 7, j, we have

~ r
R j(r) = ,\—Ew sup szg .TUU

Vn,j ||97Hn<”nj i=1

HQJ”HS p
r 5 ~
= Rnﬂ(y’n?])
Vn?]
< 25610, ;,

<

where the final line uses the fact that R, (V) < 25602 ;- Combining yields the bound
Rnj(r) < C{P2; + raw-}.

Under the event D(v,) previously defined (42), we have v, ; < 7y, so that the proof of the claim (44)
is complete.
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Peeling argument: We now use the bound (44) to prove the bound (43), in particular via
a “peeling” operation over all choices of 7; = | fjl|ln/||fjlln. We first claim that it suffices to
consider r € (0,1]. In order to show that r < 1, it is equivalent to show that ||g;||, < 1 for any
gj € By(1). Recall that we have assumed that |gjllcc < 1 for all g; € By(1). Consequently,
whenever g; € By (1), we have [|g;||2 = 2> | g?(acw) < 1, as required.

Now define the event

T () :={3fj € Bou(1) | |23 wif(wig)| > 2C Iflfn2 + o 102l }}. (46)
n < 17l

Note that we have the decomposition 7;(v,) = ’7;‘4 (vn) U 7}3 (7n), where

TA(m) = Tim) ""}3,','” <o), and

7;'3(')%) =T )N { ‘||’}:J||’|n 1]}

It remains to obtain upper bounds on the probabilities of these two events.

Case A: Form=1,2,3,..., define the sets

{ < Wil 1.

”‘_IIfIIH_T”1

If the event TA (vn) occurs, then it must occur for a function f; belonging to some S,,, so that we
have a functlon f; such that || filln/ |l filln < sa2r =: rm, and

LRI Ny {2 75l
[ 2 wili(ig)| > 20 W fillwdve +m )

> 20 | fill{ 2 + 2
> Ol filln{ +rm}.

which implies that Z,(w;r,) > C {’y,% + rm}. Consequently, by union bound and the tail
bound (44), we have

PIT ()] S 1 D exp { = canya(L+ (/7)) }

m=1

oo
=0 Z exp{ — czn'y,%(l + 22"”“2)}

m=1

< ¢y exp(—canyy).

Case B: In this case, we define the sets

Sm = {2m_1 ’|’|;J||||n 2™y, } form=1,2,..., M,
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where M = 2logy(1/7,) so that 2M~, > 1. By the same argument, we then have

P[T}” (y)] < M c1 exp(—canyy)
< crexp (— canyp + 21og(1/7m))
<d eXp(—CQTL")/EL),

by the condition nv2 = Q(log(1/7,)).

B Proof of Lemma 2

Define the function

~ 1 &
=g 2 Al F* + Al + pull £+ Allgea
7,:1
and note that by definition of our M-estimator, the error function A : = f f* minimizes L. From

the inequality £(A) < £(0), we obtain

n d d
1, ~ 1 ~ —~ -
§IIAHi <. > wild(@i) + X Y Al = 15+ Djlln} + o0 DI e = 17+ Al
i=1 j=1 j=1

Now for any j € S¢ we have
15l = 155 + Bglln = =A50ns  and |1 £5 12— 1f7 + Byl = =l1Az0
On the other hand, for any j € S, the triangle inequality yields
155 1 = 115+ Bl < 18,

with a similar inequality for the terms involving || - ||3. Since %HAH% > 0, we conclude that

1 & ~ ~ ~ -~ ~
0<—> wild(w:) + Mn{[|Bslna = [1Bseln1} + on{|Bsllr1 = [1Asellpe}- (47)
=1

Recalling our conditioning on the event 7 (v,), we have the upper bound
1 " ~ ~ 20R
- D wil(@i) < 23 {mllAllng + 72l Allaa }-
i=1

Combining with the inequality (47) yields

o} + pu{lBsllzes — |Bs]
Anpa Pn iR R A A A
< 2Bl + 2180501 + e {18t — 1Bl } + on{1Bslhea — NBsells}

0< 283 {1ullAlln1 +121A

where we have recalled our choices of (A, p,). Finally, re-arranging terms yields the claim (29).
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C Proof of Lemma 3

Lemma 3 is a straightforward consequence of Lemma 7 from Appendix F. In particular, applying
the latter lemma with t = 7,,/2 > ¢, yields

[filln < M1 fill2 + %ﬂ for all f; € By (1) and || fjll2 < yn/2

with probability greater than 1—c; exp(—cany2). On the other hand, if || fj|l2 > 7»/2, then the sand-
wich relation (66) implies that | f;]l, < 2| f;|l2 with probability greater than 1 — ¢; exp(—cany2).

Defining the rescaled functions g; = 2f; € By(2), we have established that
PAS ()] < 1 exp(—canyy).

Recalling that A(vy,) = ﬂ?zlAj(’yn), we can combine this upper bound with union bound, thereby
obtaining

P[A%(7n)] < d crexp(—cany;) < crexp(—cyny),

logd
07% )

where we have used the fact that v, = Q(

D Proof of Lemma 4

Define the alternative event
B'(6,) := {{|h]2 > 62/4 for all h € 2F with ||h]s = 5n}.

We claim that it suffices to show that B’(,) holds with high probability. Indeed, given an arbitrary
ge2F ={f+[f"|f, f € F} with ||g|l2 > 0, we can define h = ”gﬁg. Since g € 2F and 2F is
star-shaped, we have h € 2F, and also ||h||2 = d,, by construction. Therefore, if B'(d,,) holds, we
have ||h||2 > §2 /4, which implies that
52 52

or equivalently that | g||2 > ||g||3/4, showing that B(6,) holds.

Accordingly, the remainder of the proof is devoted to showing that B'(d,) holds with high
probability. For a truncation level 7 > 0 to be chosen, define the function

b () i = {“2 el <7 (48)

74 otherwise.

By construction, ¢, is continuous, Lipschitz with constant 27, and bounded by 72. Since u? > ¢, (u)
for all u € R, we have

1<, 1<
ﬁzg (i) > ;Z¢T(g(xi))- (49)
i=1 i=1
The remainder of the proof consists of the following steps:
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(1) First, we show that for all g € 2F with ||g||2 = 6, we have

2
Elo-(o(2) > LEl*(@)] = 2. (50)
(2) Next we prove that
1< 62
sup |3 6 (g(0) ~ Bl (o)) < G1)
=1

with high probability.

Putting together the pieces, we conclude that for any g € F with ||g||2 = d,,, we have

A<

1 & 62 82
il ) >
w2 Orlole)) 2 5

with high probability (to be specified later). Combined with the lower bound (49), this shows that
event B'(d,,) holds with high probability, thereby completing the proof. It remains to establish the
claims (50) and (51).

Establishing the lower bound (50): By the definition of ¢, we have

E[¢r(9(z))] = E[g*(x) Ilg(z)| < 7]

Consequently, it suffices to show that, with appropriate choice of the truncation level, we have
E[¢*(z)I[|g(x)| > 7]] < 62/2. By the Cauchy-Schwarz inequality, we have

(E[g*(z) Ig(z)| > 7]])* <

lg*(2)] 5, (52)

where the final step uses Markov’s inequality, and the fact E[g?(z)] = §2. It remains to bound the
fourth moment. Any g € 2F can be written as a sum g = > jeu 9 of univariate functions over a
subset U of cardinality at most 2s, so that

(D) = SEGe+ (3) X 3 Bl ko)

jeu Jeu JeU keU\{j}
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where we have used the binomial expansion, the independence of x; from co-ordinate to co-ordinate,
and the fact that E[gj(z;)] = 0. Re-arranging the second sum yields

= Sl + (5) SERw)] Y Bl )

JjeU jeu keU\{j}
< > Blaes) + (5){ E;E[g]?(xj)}} Blg?(2)]
= ZIE g; ()] < )54

jeu

For a function g = 3,y g; € 2F, each univariate function satisfies [|g;|[oc < 2, so that we have
E[g;-l(xj)] < 4E[g7(x;)], and hence > jev E HERDIES 43 v Elgi(z;)] = 407. Overall, we have
shown that

Elg*(x)] < 462 + 651 < 1062.

Substituting back into the inequality (52), we find that

2
E[g*(x) Ulg(x)| > 7]] < /1052 \F < V0%

so that setting 7 = 2 /10 is sufficient to prove the claim (50).

Establishing the bound (51): For a fixed subset U, recall the definition (4) of the function
class H(U). Note that the function class 2F can be written as U|U\:2$ H(U), where the co-ordinate
functions g; satisfy the bound ||g;||cc < 2. Accordingly, we define the random variable

Zn(U) :zg%l%)\Z@ g(xi)) — Elp-(9())]], (53)
gl[2<on

and claim that it suffices to show that

1
P[Z,(U) > E(ég +t 0, + %)) < 1 exp(—cont?) for all t > 0. (54)

Indeed, assuming that this bound holds, then by applying the union bound over all (2(15) subsets of
cardinality at most, we have

1 d
SEuQI_;: }ﬁ Z¢T (z)) ]E[qu(g(x))H —6(52 +t6, +t )] <crexp{ - cont? + log (23) }.
H9||2<5n

> log (QdS) yields the claim (51).
(z)) are uniformly bounded by

Setting t = d,, and noting that our choice of ,, ensures that $nd
Accordingly, we now prove the bound (54). The functlons Or
72. Moreover, since ¢, (u) = min{u?, 72}, we have

El¢7(9(2))] < 7°Elgr(9(2))] < T°Elg*(z)] < 7°67,

n
(9
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where the final inequality uses the fact that E[g?(x)] < 62. Consequently, we have shown that
var(¢,(g(z))) < E[¢2(g(x))] < 7262. We now apply Corollary 7.9 in Ledoux [19] with € = 1,

r = cont? and o = n7252 to conclude that
1 1
P[Z,(U) > 2E[Z,(U)] —|— t5 + Et )] < ¢ exp(—cynt?) (55)

for some universal constants (¢1,c2). (In this step, we can choose ¢y small enough so as to obtain
the constants 1/16.)

Based on the bound (55), our remaining task is to show that E[Z,(U)] < 55;62. By a standard
symmetrization argument, we have

1 n
E[Zn(U)] < 2Ex,a sup _ UZ(Z)T(g(xZ))
[QEH(U) ‘" ;
llgll2<6n

],

where {0;}?"_; is an i.i.d. sequence of Rademacher variables. Since the function ¢, is Lipschitz with
constant 27, the Ledoux-Talagrand contraction inequality (p. 112, [20]) implies that

E[Z,(U)] < 47E, C, sup Zazg x;)
geEH(U
||9||2<5n

Note that H(U) is subset of an RKHS with norm HQH%(U) = jev lg;|3,- Since ||g;|l» < 2 for
each g;, we have ||g|y < 44/s for all g € H(U). Consequently, we have

E[Z,(U)] < 4t Emﬁg[ sup Zazg x;)
lgllay<avs ™
Hg”2<5n

Now defining the rescaled functions h = g/+/s, we have

1 1<
E[Z,(U)] < 47 f]ExU[ sup = — aih(mi)]
Tl <a ™
||h||2S5"
< 3274/s Zmln{— a}]1/2
Tn(dn)
where a; > g > -+ are the eigenvalues of the kernel associated with the Hilbert space H(U).

This last inequality makes uses of standard upper bounds on kernel Rademacher complexities (e.g.,
see Mendelson [24]).

Now since H(U) is a sum of at most 2s copies of the same univariate Hilbert space H, the
eigenvalues {ay}7°, correspond to at most 2s copies of the eigenvalues {u}7°, of H. Consequently,
by factoring out these 2s terms, we obtain

1 = 52 1/2
Tn n S 4 = i la .
(0n) <647 s \/ﬁ[;mm{ . fie}]
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Now, as long as 02/s > v2, where v, is the critical rate (12) for the univariate kernel, we are

guaranteed that

1 — 52 1 52
= [> o min{= ] < — 2

g b)
K S
—1 0

3

and hence E[Z,(U)] < %rs %. Choosing 7 = 2+/10 and k9 = 642+/10, we conclude that

KO

E[Z,(U)] < g—’g, as required.

E Proof of Lemma 5

Proof of part (a): Let N = M(%;By(l),ﬂ -|l2) — 1, and define Z = {0,1,...,N}. Using

lullo = Z?:l I[u; # 0] to denote the number of non-zero components in a vector, consider the set
6= {uEId | ullo = s} (56)

Note that this set has cardinality |&| = (Csl) N?, since any element is defined by first choosing s
co-ordinates are non-zero, and then for each co-ordinate, choosing non-zero entry from a total of
N possible symbols.

For each j = 1,...,d, let {O,fjl, f,...,fJN} be a ¢/y/s-packing of By(1). Based on these
packings of the univariate function classes, we can use & to index a collection of functions contained
inside F. In particular, any u € & uniquely defines a function g% = 27:1 g;“-bj € F, with elements

f;j if u; #0

Ui _ 57
9 {O otherwise. (57)

Since ||ullp = s, we are guaranteed that at most s co-ordinates of g are non-zero, so that g € F.
Now consider two functions g* and h¥ contained within the class {g",u € &}. By definition,
we have

d d
u v Uj Vj 52
lg" = h"l5 =D _If7 = £715 = ;Zﬂ[w 7# vjl; (58)
7j=1 7=1

Consequently, it suffices to establish the existence of a “large” subset A C & such that the
Hamming metric pg(u,v) : = Z;l:l Ifu; # vj] is at least s/2 for all pairs u,v € A, in which case we
are guaranteed that ||g — h||3 > §2. For any u € &, we observe that

{ve& | pulu,v) < ;}‘ < <j) (N +1)2.

This bound follows because we simply need to choose a subset of size s/2 where u and v agree, and
the remaining s/2 co-ordinates can be chosen arbitrarily in (N + 1)% ways. For a given set A, we
write pg(u, A) < 5 if there exists some v € A such that pg(u,v) < 5. Using this notation, we have

d

2

(wes oA <3 < (§) vt Yol
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where inequality (a) follows as long as

1 N
2(4) (N+1)/%

A < N* =

|

Thus, as long as |A| < N*, there must exist some element u € & such that pg(u,.A) > 5, in which
case we can form the augmented set AU {u}. Iterating this procedure, we can form a set with N*
elements such that pg(u,v) > 5 for all u,v € A.

Finally, we lower bound N*. - We have

M1, d—s: (N)
N*> = 2
5 s/2 ) (N +1)s/2

1 d—s, s
-2 Ns/2
2 o) (
Z 1 (d - 8) NS/Q’
2% s/2
where inequality (i) follows by elementary combinatorics (see Lemma 5 in the paper [27] for details).
We conclude that for s < d/4, we have

)

. )8/2

N +1

NI

O Bu1). |- 1)),

d
log N* = Q(slog — log M
og (sogs—l—sog (\/g

thereby completing the proof of Lemma 5(a).

Proof of part (b): In order to prove part (b), we instead let N = M (3;By(1), | - [|2) — 1, and
then follow the same steps. Since log N = Q(m), we have the modified lower bound

log N* = Q(slogg—i—sm),

Moreover, instead of the lower bound (58), we have
d 1< s
lg* 13 = S0~ PR 2 33 Ty £ > L (50)
j=1 j=1

using our previous result on the Hamming separation. Furthermore, since || fj||2 < || fj|l» for any
univariate function, we have the upper bound

d
lg* = h7II3 = lefuj =17 < DI = e
J=1

By the definition (56) of &, at most 2s of the terms f;‘ I — f;-}j can be non-zero. Moreover, by
construction we have ||f;j - f;-}j |l < 2, and hence

lg* = R[5 < 8s.

Finally, by rescaling the functions by v/8 §/1/s, we obtain a class of N* rescaled functions {g*,u € Z}
such that

[g" = 1°|3 > 62, and ||g" — AY[[3 < 6462,

as claimed.
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F Results on kernel classes

In this appendix, we collect some basic results about reproducing kernel Hilbert spaces, useful in
our analysis. Let H be an RKHS of functions f : X — R. Let {0;}}' ; be an ii.d. sequence of
Rademacher variables, and let {z;}"; be an i.i.d. sequence of variables from X', drawn according
to some distribution Q. For each ¢t > 0, we define the local Rademacher complexities

n n

~ 1 1

Qu(t) :=Eqs| sup — Z oig(z;)], and Qu(t) :=FE,,[ sup — Z oig(z;)] (60)
lglln<t i=1 llglla<t T i=1
llgllz<1 llgllz<1

By results due to Mendelson [24], there are universal constants ¢, < ¢, such that for all 2 > 1/n,
we have

Ceoo.g 1/2 Cuoo.g 1/2

7n [;mm{t 3] < Qa(t) < /n [;mm{t 73 (61)
Conditionally on {z;}? ;, the same bounds hold for O, (t) with the population eigenvalues {me}oe,
replaced by the eigenvalues {fi;}}_, of the kernel matrix defined by the n samples. We let ¢, and
€, denote (respectively) the smallest solutions (of size at least 1/4/n) to the inequalities

2
Qn(en) < % and  0,(6,) < 256¢2. (62)
These two quantities correspond to the critical rates derived from the population and empirical
eigenvalues respectively. (Our scaling by 256 is for later theoretical convenience.)

Our first result relates the critical rates based on the population and empirical eigenvalues. Recall

that v, : = k1 max {z/n, 1/ lo;gld}.

Lemma 6. We have

P[?n < ’yn] > 1 — ¢ exp(—c272). (63)

This result is exploited at the start of Appendix A. In particular, combined with union bound, it
implies that the event D(~,) holds with high probability, as claimed.

Our second result provides uniform control on the difference between the empirical || - ||,, and
population || - ||2 norms over H. In particular, for a radius ¢ > €, we define the event
t
E@) :={ sw _[|lgln—llgllz| > 5} (64)
9B (1)
llgll2<t

Lemma 7. Suppose that ||g|lcc < 1 for all g € By(1). Then there exists universal constants (c1, c2)
such that for any t > €,

P[E(t)] < e1 exp(—cont?). (65)
Moreover, for any t > €,, we have
W02 < gl < 2l for att g € Bu()) with gl > ¢ (66)

with probability at least 1 — c1 exp(—cont?).

30



F.1 Proof of Lemma 7

Our proof is based on the random variable

Y(t) 1= sup gl —
g€B3 (1), llgll2<t

If the event £(t) occurs, then there exists some g € By(1) such that [||g]l, — [|g]l2| > %, whence
2 2 t?
[llgllz = lgllz| = [llglln = llgllz| (lglln+llgll2) = 7

Therefore, it suffices to establish the upper bound

2
P[Y,(t) > Z] < ¢y exp(—cant?).

We first bound deviations above the expectation using concentration theorems for empirical pro-
cesses [19]. The supremum of the variances is upper bounded by

2
V(1) = vaar gD = sw E[(g%:) lgl2) ]
gGBH(l) ||9H2<t g€By (1), |lgll2<t

using the i.i.d. nature of the samples {x;}!" ;. Moreover, since the functions are uniformly bounded
by 1, we have

(1) < szE[(g<m> n nggf] < 642, (67)

where the final inequality uses the fact that E[g?(x)] = |lg||3 < t2. Consequently, applying Corollary
7.9 in Ledoux [19] with € = 1, r = nt? and 0 = 642, we conclude that there are universal constants
such that

< ¢ exp(—cant?). (68)

We now upper bound the mean. By a standard symmetrization argument, we have

E[Y,(t)] < 2Em{ *Z‘W }

QEBH( )||9H2<t n-=

where {o;}? ; are i.i.d. Rademacher variables. Since [|g||oc < 1 for all g € F, we may may apply
the Ledoux-Talagrand contraction theorem ([20], p. 112) to obtain that

E[Ya(t)] < 8 Ex | LS agtan] = 5400

QEBH( )||9H2<t n-=

But by our choice (62) of €, and since t > €,, we have have Q,(t) < %. Combined with the
bound (68), we conclude that



with probability at least 1 — ¢1 exp(—cont?), as claimed.
Finally, let us prove the sandwich relation (66). For any g € By (1) with ||g||2 >t > €,, we can
define the function A : H ” g. Note that h € By(1) and ||h||2 = ¢, so that when the bound (65)

holds, we have [|h|2 — £ < ||hlln < ||hll2 + & or equivalently, that

e b gl < &
>~ g = a7
) ng nE g

with probability at least 1 — ¢; exp(—cont?), which establishes the claim (66).

F.2 Proof of Lemma 6

For any ¢ > 0, define the two random variables

~ 1

Zn(t) := sup Zazg x;), and Z,(t) := sup —Zaig(xi),
H9||n<t lgll2<t ™ =
llgll# < llgllz<1

and observe that E,[Z,(t)] = On(t) and Eyo[Zn(t)] = On(t).
For any function with ||g|, < t, we have Y 1 | var,(o;g(x;)) = n|lg|2 < nt?. Consequently,
applying the lower bound in Corollary 7.9 of Ledoux [19] with r = cant? and € = 1/2, we obtain

P[Z(t) < %Qn(t) — %] < ¢ exp(—cant?). (69)

Similarly, for any function with ||g|lz < ¢, we have Y1, var, .(0;9(x;)) = n||gl|3 < nt®. Conse-
quently, applying the upper bound in Corollary 7.9 of Ledoux [19] with 7 = cont? and € = 2, we
obtain

P[Zn(t) > 2Q,(t) + t2] < ¢1 exp(—cont?). (70)

Now suppose that || g||2 >t > €,. Then conditioned on the sandwich relation (66), we are
guaranteed that [|g||, > £. Taking the contrapositive, we conclude that ||g||,, < & implies ||g||2 < ¢,
and hence that

Zn(t)2) < Zn(t)  forall t > ey, (71)

under the stated conditioning.
For any t > ¢,, the inequalities (69), (70) and (71) hold with probability at least 1 — c¢1 exp(—cant?).
Conditioning on these inequalities, we can set t = v, > €,, and thereby obtain

—~ (a)

On(m) < 2Zn () + 297
(d)
< 2Z,(2v) + 274

Cc

2 10,(2) + 872

@

< 128y,
where inequality (a) follows from the bound (69), inequality (b) follows from the bound (71),
inequality (c) follows from the bound (70), and inequality (d) follows since 2y, > €, and the
definition of ,. By the definition of €, as the minimal ¢ such that O, (t) < 256t2, we conclude that
€n < vn, as claimed.
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