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Abstract

Under mild assumptions on the kernel, we obtain the best known
error rates in a regularized learning scenario taking place in the cor-
responding reproducing kernel Hilbert space. The main novelty in the
analysis is a proof that one can use a regularization term that grows
significantly slower than the standard quadratic growth in the RKHS
norm.

1 Introduction

Let F' be a family of functions from a probability space (Q,u) to R. A
classical problem of Learning Theory is the following: we set v to be an
(unknown) probability measure on €2 x R whose marginal distribution on 2
is p. Given n independent samples (X1,Y7) ... (X,,Y,) € Q x R distributed
according to v, our task is to find a function f € F such that

E(f(X1) —Y1)? *}IelgE(f(Xl) -Y)? (1.1)
is very small. In other words, we want to approximate the distribution v
by a function from F' as closely as possible. Specifically, we want to find a
method of choosing f as a function of the sample (X, Y;)~ such that, with
high probability, (1.1) is smaller than a function of n that tends to zero as
n grows.
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A widely-used approach for solving this problem is to consider a function
f € F that minimizes the functional

> (f(Xi) = Y)*.

i=1

over all f € F. Such a function is called an empirical minimizer and its
properties have been widely studied (see, for example [3]). It turns out
that the complexity and geometry of F' play a large part in determining
whether (1.1) is small. Roughly speaking, if F' is a small family of functions,
then (1.1) will be, with high probability, a rapidly decreasing function of n.

Of course, there is a disadvantage to having a small family of functions,
namely that infrep E(f(X1) — Y1)? becomes larger as F becomes smaller.
This trade-off is known as the bias-variance problem. The expression (1.1)
is known as the sample error and infrep E(f(X1) — Y1)? is called the ap-
proximation error.

One major issue that needs to be addressed when using the empirical
minimization algorithm is overfitting. Since all the information that one
has is on the behavior of the minimizer on the sample, there is no way
of distinguishing a “simple” minimizer from a more complicated one. The
reqularized learning model is a method of solving the bias-variance problem
while addressing the overfitting problem. We take F' to be a very large
function class (so that the approximation error is small) and consider a
function f that minimizes the functional

n

D (X)) = Vi) + ()

i=1

where 7, (f) measures, in some sense, the “complexity” of the function of
f and, for a fixed f, 7, — 0 as n — oo. Thus, if two functions have the
same empirical behavior, the algorithm will choose the simpler function of
the two.

A common example of the regularized learning problem, and the situ-
ation we will be considering in this article is the case where the class of
functions is a Reproducing Kernel Hilbert Space (RKHS), defined below
- and which will be denoted throughout this article by H. All the error
bounds in this situation were restricted to a regularization term of the form
Yo (f) = nallfll%, and typically the aim was to make 7, as small as pos-
sible. It was not believed that one can improve the power of ||f||z in the
regularization process. Doing just that is the main goal of this article.



One can motivate the regularized learning model by looking at it as a
collection of empirical minimization problems. Indeed, let By be the unit
ball of the space H and consider the empirical minimization problem in rBp
for some r > 0. As r increases, the approximation error for r By decreases
and its sample error increases. We could achieve a small total error by
choosing the right value of r and performing empirical minimization in rBy.
The role of the regularization term =, (f) is to force the algorithm to choose
the right value of r for empirical minimization. We will explain later why
this motivation can be made rigorous, and that the regularization problem
may be solved by a solution to a hierarchy of minimization problems.

It should be clear from this motivation that the choice of ~,, is critical for
the success of the regularized learning model. There has been some signifi-
cant work done recently on finding explicit formulas for -, that provide low
error rates with high probability. Of particular importance are the results of
Caponetto and De Vito [6]; and Smale and Zhou [26], which use operator-
theoretic techniques to bound the error rate. The point of comparison for
our result will be that of Smale and Zhou: let Tk : La(2, ) — Lo(£2, 1) be
the integral operator associated with the kernel K : 2 x 2 — R, defined by

(Tie f) () = / K (2, 9)f(y) dy.

where € is a compact subset of R?. It is well known that this is a compact,
positive, trace-class operator and that the RKHS is H = Tfl(/QLg with the
inner product
—-1/2 —-1/2
<f79>H = (Tg / Tk / 9>2'

Theorem 1.1 Fiz 6 > 0 and assume that the regression function E(Y|X)
belongs to the range of Tf(. For any x > 0, define the regularization param-
eter by

_ 1/(1426)
TZ9E(Y|X)||2
= e (e 171 6> 3
<2 f113 0 <3

Then, with probability at least 1 — exp(—x), the reqularized minimizer satis-
fies

o 0/(1426)
- <||TK E(Y]X)]/* S
<

N[ =

E(f(X)—Y )= inf E(f(X)-Y?) i

L » 0/2
Ie - <1+||TK E(YX)H) 7 o<

N[ =

n



The approach we take is significantly different to that which has been
used before in this context. As we mentioned, our goal is to not only improve
the way the regularization term depends on the sample size n, but to explain
why a quadratic dependence on || f||z is pessimistic and can be improved
considerably. The starting point of our analysis is the notion of isomorphic
coordinate projections, introduced in the context of Learning Theory in [3].

Suppose F'is a family of functions for which the infimum inf yc p E( f(X)—
Y)? is achieved; call the minimizer f* and define the excess loss function to
be, for any f € F,

Ly(X,Y)=(f(X)-Y) = (f*(X)-Y)
Denote by P the conditional expectation with respect to the sample:
PLy =E(L¢]| X1, Y1,..., X, Y0)

and let P,Ly =" | L#(X;,Y;). One can show that there is some (small)
number p, such that, with probability at least 1 —e™7, every f € F satisfies

1
gPuLs = pn < PL; < 2PuLy + po. (1.2)

This is a useful approach for bounding the error of the empirical minimizer.
Indeed, it is not hard to see that it implies

E(f(X)=Y)* = inf E(f(X) =Y)* = PL; < p.

It turns out that this “isomorphic coordinate projection” approach ap-
plies to regularized learning as well as to empirical minimization. The main
result in this direction is due to Bartlett [1] and implies that if every ball
r By satisfies an almost-isomorphic condition then it is possible to establish
a regularized learning bound.

Theorem 1.2 [1] For each f € H, denote by Ly the loss of f relative to
the ball || f||Bm :

Ly(X,Y) = (f(X)-Y)" = (f(X)-Y)

where f* = argmin g < s E(9(X) — Y)2. Under some conditions on vy(-),
if for every f € F,

1
§Pn£f _’Yn(f) < Pﬁf < 2Pn£f+'7n(f)
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then the regularized minimizer satisfies
E(f(X)—Y)? < inf ((f(X)=Y)?+ cml(cf)),
where ¢ and ¢ are absolute constants.

Thus, if one can establish sharp “isomorphic coordinate projections”
type estimates for every excess loss class {Ly : f € 7By} this would yield
regularization bounds.

It is important to emphasize that although at first glance, the problem
of obtaining isomorphic bounds for kernel classes has been solved in the past
(based, for example, on estimates from [18, 2]), this is far from being the
case. The isomorphic bounds for kernel classes have been studied for the
base class F' = By (i.e. 7 = 1), while the essential ingredient required for
our analysis (and which determines the regularization parameter) is the way
in which these bounds scale with the radius r. In all the previous isomorphic
results obtained in the context of kernel classes this was not important and
thus never addressed. Moreover, the analysis used to obtain those results
would give a suboptimal estimate as a function of r, and as we will explain
later, will be of no help to us in an attempt to improve the way ~,(f)
depends on || f||z.

Our analysis will show that the standard regularization bounds, that
grow like 72 where r = ||f||y, are very pessimistic and may be improved
considerably. Moreover, if we set the regularization term as n,v(||f||x), we
will establish the best known bounds on 7,, as well (both results will require
mild assumptions on the kernel).

There are two reasons for the improved bounds. First of all, the ability
to employ the “isomorphic” approach allows one to use localization tech-
niques. Thus, the effective complexity of the excess loss class is caused only
from excess loss functions with a relatively small variance. Thanks to the
geometry of rBpy, that happens to be a rather small subset of the excess
loss class. This approach, presented in Section 3, is enough to give improved
estimates on 7,, but still leaves one with a regularization term that grows
like 2.

To remove the r? regularization term one has to use a more sophisticated
analysis (and additional assumptions on the kernel). As a starting point,
one has to understand the source of the r? term. The “trivial” reason for
this term is the quadratic loss function. Indeed, to obtain isomorphic type



estimates one has to analyze the localized empirical process
n

. > Ly(Xi) —ELy

n-
=1

sup
{fETBH: E,CfS)\}

)

and standard methods of analyzing this quantity involve contraction inequal-
ities. Since the only a-priori Lo, estimate on Ly is || f||%,, one will suffer one
factor of r as a consequence of the contraction inequality and another one
from the “complexity” of rBy. In Section 4 we will present a way of bypass-
ing this loose method of analysis. To that end, we shall present a general
bound on the empirical process indexed by the localized square excess loss
class associated with a base class consisting of linear functionals on /o of
norm at most r. We will use this result to show that if the eigenvalue vec-
tor of the integral operator Tk belongs to a weak ¢, space {) o for some
0 < p < 1, then one can obtain an isomorphic bound with p,, that scales like

max {92/1+p, 92/p} ,

—-1/2

for 0 ~ rPn logn. This translates to a regularization term of

2 /1+p o
max {rzp/Hp <10g n) ; T} )
n n

where again, r = || f||z.

Although with this result one still has a regularization term that grows
like r2, this is a considerable improvement to the previous result. Because
it decays faster as a function of the sample size n, the r?/n term seems
superfluous — because one would expect it to be dominated by the first
term. And indeed, in Section 5 we will show that it can be removed: under
the same assumption on the decay of the eigenvalues of Tk as above one
may use a regularization term (up to logarithmic term) of

,r2p/1+p
nl/1+p’
which is the best known dependency on r and n.

We will end this introduction with the formulation of this, our main
result.

Assumption. Assume that the eigenvalues of the integral operator Ty
satisfy that (A,)02; € £p o for some 0 < p < 1 and that ||K(z, )|/ < 1.



Assume further that there is a constant A for which the eigenfunctions
(¢n)n>1 of Tk satisfy that sup,, ||¢n|lec < A < o0.

Theorem A. Under the assumption above, there exist constants ¢, co and
c3 that depend only on A, p and ||(X\;)|/p,.c and a constant cy that depends
only on ||Y||s for which the following holds. Let

(/11 + 1) log n ) /(7
vn '

If n > No = No([|[Yloo, p) and c1loglogn < u < co(log n)?/(=P) | then with
probability at least 1 — exp(—u/2), every minimizer f of

Poly+ w1V (f,u)

f/(f, u) = c3(1+u+cy lnn+Inlog(||fllz +e)) (

satisfies that }
Pl < }glf{Pﬁf + roV(f,u),

where 1 and ko are absolute constants and ¢ = (f — Y)? is the squared
loss function.

2 Preliminaries

We begin with a word about notation. We will denote absolute constants
(that is, fixed, positive numbers) by ¢, ci, ... etc. Their value may change
from line to line. Absolute constants whose value will remain unchanged are
denoted by k1, k2, .... By ¢(a) we mean that the constant ¢ depends only on
the parameter a. We denote a ~ b if there exist absolute constants ¢; and
co such that cia < b < b, and a ~), b if the equivalence constants depend
on the parameter p.

Arguably the most important tool in modern empirical processes theory
is Talagrand’s concentration inequality for an empirical process indexed by
a class of uniformly bounded functions [28, 15]. The version of this concen-
tration results we shall use here is due to Massart [17].

Theorem 2.1 There exists an absolute constant C' for which the following
holds. Let F be a class of functions defined on (2, ) such that for every
fe€F, [fllo <band Ef = 0. Let Xy,...,X,, be independent random
variables distributed according to p and set 0% = nSupfep Ef?. Define

> F(X)

i=1

n
Z = Supi(X,-) and Z = sup
fer = fer




Then, for every x > 0 and every p > 0,

IN
@
&

Pr ({Z > (14 p)EZ +oVCx + C(1 + p_l)bx})
Pr ({Z <(1-pEZ—oVCrz—C(1+ p_l)bx})

IA
9]
&

and the same inequalities hold for Z.

Throughout this article we denote by £(z,y) = (z — y)? the squared
loss function. When f is a function 2 — R and Y is some target random
variable, we denote {; = (f —Y)2% If F is a class of functions let £y =
(f=Y)?—(f*—Y)?% where f* = argmin e pEL(f, V). Of course, we assume
that this minimizer exists and is unique, which is the case, for example, if
F' is compact and convex.

For a class of functions F' on a probability space (2, 1) we set

1P = Pl[F = sup
fer

1 n
n;fom ~Ef|,

where (X;)i=1 are independent, distributed according to f.
Define for any A > 0 the localized excess loss class

Ly={Ly:EL; <A},
and set

V =star(Lp,0) ={0L;: 0< 0 <1, feF},
Va={0L;:0<0<1, B(0L;) <A} = {h € star(Lp,0) : b < A}

(where for a set T, star(7,0) = {6t : 0<60 <1, t € T} is the star-shaped
hull of T" and 0).

The following “isomorphic” result is similar in nature to the one proved
in [3]. The bound from Theorem 2.2 normally leads to an estimate on the
error of the empirical minimizer, but in [4] and here it will serve a different
goal. This isomorphic result will enable us to control the solution of the
regularized learning problem in the context of kernel learning.

Theorem 2.2 There exists an absolute constant c¢ for which the following

holds. Let Lr be a squared loss class associated with a conver class F' and a

random variable Y. If b = max{supscp || flloo; [|Y[loo} and E[| P, — Pllv, <

A/8, then with probability 1 — exp(—u), for every f € F
A U

1

R

n



Proof. By Talagrand’s inequality, there exists an absolute constant C' such
that, with probability at least 1 — e™",

Cu 1/2 Cbhu
Ha—mwémmﬁpm+()sw Varg + %
n geVy n

It is standard to verify (see, for example, [16]), that there exists an
absolute constant C' such that, for a convex class F', every L; € L satisfies
JEE? < C’b2IE£f. Thus, every g € V) satisfies Var g < Cb?)\. Set

2
o = max {)\, 250(14—())u}
n

and note that, because V is star-shaped and a > A, E|| P, — Plly, < a/8.

u

Therefore, with probability at least 1 — e™%,

Q p2au\"?  Cbu
Po—Pl. <%+ (cC =
L e
o o,
=175 "5
(6%
< —. 2.2
= (2.2

Consider the event in which (2.2) holds. Fix some L; € Lp. If PL; < «
then £; € V,, and so

Pnﬁf—%gpﬁf < Pan+%

and (2.1) holds. If, on the other hand, PL; = 3 > « then let g = %ﬁf and
note that g € V. Thus, by (2.2),

1
—Pg=Pg— 2 < P,g< Pg+ = <2Pg.
2 2 2
Since Ly is a constant multiple of g,
1
§P£f < P,Ly <2PLy
and so (2.1) holds once again.

To conclude, (2.2) implies that (2.1) holds for all £; € Lp. Thus (2.1)
holds with probability at least 1 — e™". [



Remark 2.3 The claim of Theorem 2.2 holds under milder assumptions.
Note that the assumption that F' is convex is there to ensure that Ply attains
a unique minimum in F, and that the excess loss class satisfies a Bernstein
type condition: that for every f € F, Eﬁ% < CELy. One can show that if
F is convex then for any function f € F, EE? < | fIZELs. Hence, if F
is conver and G C F' that contains the minimizer in F' of Py, the analog
of Theorem 2.2 will be true for {L,: g € G}.

The first part in our analysis will be to show that this isomorphic infor-
mation can be used to derive estimates in regularized learning.

2.1 From Isomorphic information to Regularized Learning

The regularized learning model provides a method for learning in a very
large class of functions without suffering a large statistical error. As we
mentioned in the introduction, obtaining an “isomorphic” result for a hi-
erarchy of classes can lead to estimates in the regularized learning model.
This approach was introduced in [1] and was formulated in the way we will
use here in [4]. Since this last article has not yet appeared, we present a
proof of the result we need in an appendix.

Let F' be a class of functions and suppose there is a collection of subsets
{F,;r > 1} with the following properties:

1. {F, :r > 1} is monotone (that is, whenever r < s, F,. C Fy);

2. for every r > 1, there exists a unique element f € F, such that
Plys =infrep, Ply;

3. the map r — Ply« is continuous;

4. for every ro > 1, N F, = F,,; and

r>ro
5. Upsy Fr = F.

Definition 2.4 Given a class of functions F', we say that {F,;r > 0} is an
ordered, parameterized hierarchy of F if conditions 1-5 are satisfied. Define,
for f e F,

r(f) =inf{r > 1; f € F,.}.

Note that from the semi-continuity property of an ordered, parameterized
hierarchy (property 4), it follows that f € F,(y for all f € F.

From the second property of an ordered, parameterized hierarchy, we
can define, for r > 1l and f € F,, L,y = (f—Y)?— (ff —Y)? That is, £, ¢

is the excess loss function with respect to the class F..
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Theorem 2.5 There exist absolute constants k1 and ko such that the follow-
ing holds. Suppose that {F.;r > 1} is an ordered, parameterized hierarchy
and that p,(r,u) is a continuous function (possibly depending on the sample)
that is increasing in both r and w. Suppose also that for every r > 1 and
every u > 0, with probability at least 1 — exp(—u),

1
ipnﬁhf — pn(r,u) < PL,; < 2P, L, 5+ pp(r,u)

for all f € F,.
~ Then for every uw > 0, with probability at least 1 —exp(—u), any function
f € F that minimizes the functional

Pnef + Hlpn<2r(f)v Q(T(f), u))

also satisfies
Pty < int (Ply -+ kapa(20(1).0(f). )

where

2

0(rx)-x+ln7r—+2ln 1+ Pl
e 6 Pn(

1,2z + log(72/6))

—|—log'r> .

Remark 2.6 In fact, the proof of Theorem 2.5 reveals something slightly
stronger: if pp(r,u) is a continuous, increasing function in both variables
such that

p(r;u) = pn(2r,0(r,u))

for every r, u and n then every function f that minimizes the functional
Pngf + Klﬁn('ﬁ u)

satisfies

~ < ] N .
Pl < }Ielg (Pff + Kopn(r, u))

In other words, we can always regqularize with a larger regularization
term; we will obtain a correspondingly larger error bound. We will use this
fact later on.

The conclusion of Theorem 2.5 can be reformulated in a way that makes
the traditional distinction between the approximation and sample errors
more explicit. We begin by defining an approximation error term by

= inf P/..
A(r) flélFT ¥
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Then A(r) —inf tcp P¢; tends to zero as r — oo and the rate of this conver-
gence measures how well the ordered, parameterized hierarchy approximates
Y. Smale and Zhou [25] study this approximation error in a variety of con-
texts, including the case in which we are interested: when Fj. is the ball of
radius r — 1 in a reproducing kernel Hilbert space.

Corollary 2.7 Under the assumptions of Theorem 2.5, with probability at
least 1 — exp(—u),

PZJ; < igfl (A(r) + Kapn(2r,0(r, u)))
Proof. Let u > 0, fix € > 0 and choose an s > 1 such that
A(S) + ﬁ?pn(Qsa 0(87 U)) < H;g (A(T) + ﬁan(2r7 9(7", U))) + %

Consider g € F, such that PL, < A(s)+¢/2. Since p,, is increasing in both
its arguments,

PLy+ kapa(20(9), 0(r(g),w)) < inf (AG) + wapn(2r,0(r,w)) ) +<.
But we can find such a function g for every € > 0. Therefore

inf (PLy + rpa(20(£).00r(£).w)) < inf (A(r) + wapn(2r,0(r,w) )

and the conclusion follows from Theorem 2.5. [}

3 Regularization in Kernel classes

The case that we will be interested in is when F,. is a multiple of the unit
ball of a reproducing kernel Hilbert space (RKHS). For more details on
properties of a RKHS that are relevant in the context of Learning Theory
we refer the reader, for example, to [7].

Let ©Q be a compact set, consider K : Q x Q@ — R, a positive defi-
nite, continuous function and without loss of generality, we will assume that
| K|loc < 1. Let Tk be the corresponding integral operator, Tk : La(u) —
Lo(p), defined by

(Tic f)(x) = /Q K (2, 9)f(9)dp(y)-

12



By Mercer’s Theorem [7], there is an orthonormal basis of eigenfunctions
(i), of Tk, corresponding to the eigenvalues (\;)5°; arranged in a non
increasing order, such that

K(z,y) =Y Xiei(@)pi(y),
=1

both in Lo and p x p-almost surely.

The RKHS, which will be denoted throughout by H, can be identified
with linear functionals in f5. Indeed, consider ®(z) = Y 72, vV Aipi(x)e; :
Q — fy. For every t € by, fi(z) = (®(z),t), and ||fe|lg = [|t]s- In the
reverse direction, from the definition of the RKHS one can verify that each
h € H is of the form f; for some ¢t € 5. Hence, to study properties of a
subset of H it is enough to study the corresponding set of linear functionals,
as a set T' C /o uniquely determines Fr = {f; : t € T'}. Here, we will be
mostly concerned with T' = rBsy, corresponding to F' = r By, where By is
the unit ball of the RKHS. In this case, the measure endowed on ¢5 is given
by ®(Z), where Z is distributed in Q according to .

3.1 Classes of linear functionals — the L., approach

Our first approach to the problem of regularized learning in an RKHS will
lead to a regularization term of || f||%. As we said in the introduction, this is
over-regularization, which is an artifact of the analysis of the learning prob-
lem. It stems from the way the Lo, bound on functions in Lp is used, and
since the only way to bound ||Ly||r.. is by ||Lf]z.. < c[|f]|%- In this section
we will use this (loose) approach, but still obtain better error estimates than
those previously known — though still using a regularization term of || f||%.
We will obtain considerably better results in the following sections.

The idea we will use is to obtain an isomorphic result for the hierarchy
F, = rBy (in our ¢y representation, F), corresponds to rBy). We then use
Corollary 2.7 for the function p,, given by the isomorphic analysis.

In our presentation, we will study the following, more general, situation.
Let T' C {5 be a compact, convex, symmetric set and consider a random
vector X on f5. Denote by f; = <t, > the linear functional defined by ¢ and
put

D={t:Eff <1} = {t: E(t,X)* < 1}.

Thus, D represents the Lo unit ball in the parameter space /s.
Our first, Lo-based approach to the problem of learning in an RKHS
relies on the following bound, which was implicit in [18].

13



Theorem 3.1 There exist constants ¢ and ¢’ depending only on ||Y|| for

which the following holds. Let V,x ={aLs;0 <a <1,f € rBy,ELy < A}

Then for every r > 1 and every A > 0,

1 n

E|P — Pully,, < crE sup —Zgift(X,;)
{terBaNVAD} n i=1

where the g; are independent standard Gaussian variables. In the case where
r=1,

n

Zgift(X

i=1

E sup
{teB2nvAD}

s 1/2
)< < Zmin{)\, )\Z}> .
n
i=1

The proof of the first part of Theorem 3.1 uses a comparison theo-
rem, relating the Gaussian process ¢t — > " ; gL, (X;,Y;), conditioned on
(X, Yi)™ ,, to the conditioned Gaussian process t — » . ; g;f+(X;). This is
done using an L., bound, since

n

ST(Ls = L) (X Yo = SO (f = £O2(X0) - (e + o) (X2) — 277)°

=1 =1

40+ 1Y loo)® Y (fe = f)2(X0),
=1

which will turn out to be the main source of the quadratic regularization
term || f[[%.
From Theorem 3.1 one obtains

Corollary 3.2 There exists a constant ¢, depending only on ||Y ||~ such
that, if © > 0 satisfies that

= 1/2
it i \;
>c (n ; min{z, }>

then, for all r > 1,

| >

> B[P = Pully;

where \ = r2z.
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Proof. Define

n

Zgz’ft(Xi)

Yr(x) =7E  sup
{terB2n\/xD}

Then 1 (x) < /x by the second part of Theorem 3.1 and it is easy to check
that ¢, (z) = 72y (xr~2) for any = and r. That is, . (rz) = r?(x) <
cr?z. The claim now follows from the first part of Theorem 3.1. [

With this Corollary and Theorem 2.2, we can obtain an isomorphic con-
dition on the unit ball of an RKHS using information on the decay of the
eigenvalues. For the sake of concreteness, we will make the following as-
sumption on this rate of decay; this assumption will allow us to compute an
error bound explicitly.

Definition 3.3 For 0 < p < 1 define

[(A0)[lp,c0 = sup a?[{A; > x}.
x>0

Hence, for any x > 0,
{Ai = 2} < [[(A)llpocz ™. (3.1)

Assumption 3.1 Let K be a kernel on a compact probability space (Q X
Q, 1 x p) where p is a Borel measure and Q C R, Assume that the eigen-
values of the kernel satisfy that (A\n)32, € lpoo for some 0 < p < 1 and that
1K (2, 2)|loo < 1.

Since [ K(z,z)du(x) = > 21 N\, then (\;) € €1 00 when K (x, ) € Ly ().
The stronger Assumption 3.1 is satisfied under some smoothness condition
on the kernel. For example, if the kernel K belongs to some Besov space
BS ., (in particular, this is the case if « € N and K € C*(£2 x Q)) then, by
Theorem 4.1 of [5] (see also [14]), the sequence ();) belongs to £, « for

1

P= a/d+1/2

In fact, the result of [5] is slightly stronger — the sequence A,n~"/? tends to
0 with n — but we will not need this strengthening. The L., assumption on
K (z,x) is only to simplify the presentation and any uniform bound instead
of 1 would do.

The assumption on the rate of decay of the eigenvalues allows us to
obtain the following bound:
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Lemma 3.4 For 0 < p <1 there is a constant ¢, depending only on p such
that for all x > 0 and all v > 0,

o0
> min{a, rPA} < | (N pooz! PP
i=1

Proof. It suffices to prove the lemma for » = 1 and the result will follow for
all » by homogeneity. Set N, = [{\; > z}| and observe that for all x > 0,

o0 o0 o0
S min{z A} =aNo + >0 A< M)l P Y A
=1 i=Ny+1 i=Ngz+1

To estimate the second term, let {a;}72, be any decreasing sequence with
ag = x. Then

RPN
i =Np+1 i<z
o0
<) ail{Ai > ajia}
=0
o0
< Ni)llpoo Y aja;ty.
=0

Now set a; = 2277 and note that

DN <2l e Y a; P < et PI(N)

i=Ng+1 j=1

P,o0

as required. ]

Corollary 3.5 Let K be a kernel that satisfies Assumption 3.1 for some
0 < p < 1. There exists a constant c, depending only on p such that if

. 1/(1+p)
z=cp <M) 8 then, for all r > 1,

n
A
2 2 E|P - Pl

where \ = r2z.
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Lemma 3.6 Let H be the reproducing kernel Hilbert space associated to a
kernel K, set F' = H, and define, for every r > 1, F, = (r — 1)By where
By is the unit ball of H. Then {F,;r > 1} is an ordered, parameterized
hierarchy and r(f) = || f]| + 1.

Proof. The first, fourth and fifth properties of an ordered, parameterized
hierarchy are immediate. The second property follows from the fact that By
is convex and compact with respect to the Ls norm. For the third property,
ﬁxl§q<r<sandletﬁ:%anda:%. Note that af; € F, and
Bfy € F,. Thus,

0 < Plys — Plps < Plogs — Plys = (o = 1)P(f5)* 4+ 2(1 — ) Pf1Y.

As s — r, the right hand side tends to zero (because the candidates for f
are uniformly bounded in Ly) and so r — P/« is upper semi-continuous
(the same argument works for » = 1). In the other direction,

0 < Ply: — Plg: < (B2 = 1)P(f7)* +2(1 = B)PfY

and the right hand side tends to zero for the same reason as before. ]

Combining Theorem 2.2 with Corollaries 3.2 and 2.7, we obtain the
following error bound for regularized learning in an RKHS.

Theorem 3.7 There exist absolute constants k1 and ko, constants cy and
¢y depending only on ||Y||s and a constant ¢, depending only on p such
that the following holds. Let K be a kernel satisfying Assumption 3.1 and
define

pn(r,u) = cpr? <‘|(>\z‘)||p,oo>1/(1+p)
n\T, =Cp

u
+ ey (1+7%)—.
n n

Then for every uw > 0, with probability at least 1 — exp(—u), any function
f € F that minimizes the functional

Pngf + ’ﬂﬁn(r(f)a ’LL)

also satisfies
Pl; < ;gfl(A(r) + Kopn (T, w))
where

2
Pn(r,u) = pn (2?",% +In % +2In(1+cyn + logr)> :

17



In particular,

0. < inf AR S LA log1
Pty < inf ( A(r) +c| 7, + —— (utlogn +loglog(r +e)) | |,

where ¢ = ¢(p, |Y ||oo, [[(Xi) ]| p,00)-

Proof. By Theorem 2.2 and Corollary 3.2, the function p,(r, z) satisfies
the condition of Theorem 2.5 (where we set ¢y = ¢||Y||s). Then we can
apply Corollary 2.7 to obtain the result. Since 0 € F,. for any r > 0 then
Ply: < Ply = HYH%WL) and p,(1,u +In(7%/6)) > ¢ /n so that

ngl* < cin
on(1,z 4+ In(x2/6)) = ¥

to which we apply Remark 2.6. [ ]

Let us compare the estimate on the regularization term and the resulting
error rate that follows from this theorem to previously obtained bounds on
regularized learning in an RKHS. Since all of the results we consider have
exponentially good confidence, we will simplify this comparison by ignoring
the confidence term and focusing on the decay of the error bound as the
sample size increases.

In 2002, Cucker and Smale [7] used covering numbers to bound the sam-
ple error of the regularized minimizer by

cyvVinn(y + ¢)
7Vn

where 7 is the regularization parameter. Noting that the optimal v tends to
zero as the sample size increases, we will ignore the v term in the numerator.
By Lemma 2 of [8], the approximation error with a regularization term of
7 is at least A(c/y+ 1) (Cucker and Smale give a more detailed analysis of
the approximation error, which we will not use for the sake of simplicity. In
order to prevent this simplification from biasing our comparison, note that
we are using a lower bound on the approximation error in the result of [8]).

With the substitution r = ¢/ + 1, the total error bound of [8] becomes

Inn\ /2
Py <inf | A(r) + cr? <) :
r>1 n

On the other hand, our bound is

1/(1+p)
ng < inf <.A(’I") —|—C’I“2 (1> —{—Cl(l +T2)1nn+1n(1 —i—logr)) )

r>1 n n

18



Note that the n='r2Inlogr term is asymptotically insignificant. Indeed,
for the optimal » = r(n), our bound tends to lim, . A(r) with n. In
particular, n="/(4P)y2(n) — 0 and so Inlog r(n) < Inn. By eliminating the
Inlogr term, our result is directly comparable to that of [8]. In the (worst
possible) case where p = 1, we gain by removing a relatively insignificant
factor of \/logn. For smaller p, however, we improve Cucker and Smale’s
result by a polynomial factor of n. Given that it is common in Machine
Learning for the kernel associated to an RKHS to have some smoothness
properties, this is a significant improvement.

It is well known that by making an assumption on the regression function
E(Y|X), it is possible to bound the approximation error and thereby obtain
to bound the total error in terms of the sample size. A result of this sort was
first obtained in [8] and improved in [26]. In particular, Corollary 5 of [26]
gives the following bound: suppose that E(Y|X) is in the range of T for
some 0 < ¢ < 1. Then for sufficiently large n,

1\0/(1+20) . > 1
Pl; — inf Pl < (n)a/g o= (3.2)
fer (1)7=, if o <3,

(where the regularization term used to obtain this result is ~ r2(1/n)/(1+20)
if 0 > 1/2 and ~ r2(1/n)"/? otherwise).

In comparison, our regularization term is of the order of ~ r?2 /nl/ I+p,
To obtain the resulting error bound we first consider the case where o > %
Then E(Y'|X) € F and so A(r) — inf yep Pl is zero for sufficiently large r.
Then we have shown that, for sufficiently large n,

1/(1+p)
Pl; — inf Ply < ()
fer n

which is a significant improvement on (3.2) even in the case p = 1.
To deal with the case o < %, we will use the following theorem of [25]:

Theorem 3.8 Let A be a compact, symmetric and strictly positive operator
on a separable Hilbert space H. Then, for any 0 < 0 < s, any r > 0 and
any a in the range of A%,

1 o/(s—o)
nf ool (1) Aare
[|A=sb||<r r
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In particular, we can apply this with H = Ly, A = Tk, s = + and

2
a =E(Y|X) to obtain

A(r —1) — inf Ply = inf |E(Y|X) — f||?
( ) b Pty anFng (Y1X) — flI2

1 40/(1-20)
< () ILRE(Y|X) 202,
-

1
Set k = 40/(1 — 20). Then we can choose r = n(+P@+%) and our error
bound becomes

1/(p+1)
Pl — inf Pl S A @m) NN e <)
feF

n
1\ TP e
1+ 2+k
< L P
~\n

_ <1>2a/(1+p). (3.3)

n

Once again, this is an improvement over (3.2) even in the case p = 1.

4 Towards a smaller regularization parameter

The bound (3.3) would be substantially improved if we could remove the
r? term and replace it by a smaller power of » — which is the main nov-
elty in this article. As we mentioned before, the most significant source
for this improvement comes from bypassing L..-based bounds. In recent
years there has been considerable progress made on bounding various em-
pirical processes that are indexed by sets that are either not bounded or very
weakly bounded in L,.. Most of these results were motivated by questions in
Asymptotic Geometric Analysis, most notably, sampling from an isotropic,
log-concave measure (e.g. [24, 13, 21]) and the approximate reconstruction
problem [19, 12]. The fact that such an approach is called for here seems
strange because we are dealing with a learning problem relative to a class
of uniformly bounded functions, so it would seem that there is no reason to
employ techniques designed to handle an unbounded situation. Even more
so, because in a standard learning analysis the way the error bounds depend
on the L., diameter of the class is usually of no real importance. In contrast,
here, the way the isomorphic results scale with the L., bound is extremely
important because one is trying to obtain a result for the entire hierarchy,
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and the L., diameter of F; is directly linked to the hierarchy parameter r.
Thus, the standard, and very loose approach which is commonly used in a
single class situation can cause real damage in our case because the regular-
ization term will be strongly influenced by the way the L., diameter enters
into the bounds.

To see where one can improve upon the standard Lo, analysis (in a very
“hand waving” way), let us return to the localized Gaussian process indexed
by {t : EL;, < A} NrBy, conditioned on the data (X;,Y;), that is,

t— Zgiﬁft(Xz‘,Yz‘) = Zgz‘<t - 6% Xi) ((t+ 6%, Xi) — 2Y5) ,

i=1 i=1

where fg« minimizes the loss in 7By. For every ¢ the variance of each con-
ditioned Gaussian variable satisfies

(" gLy, (X, Y0) = D (t — 55, X)) ((t+ %, X;) — 27)°.
i=1

=1

Consider some ¢ for which EL; < A. One can show that in this case,
It — 8% < VA (see Lemma 4.1 below). Now, if one has a very strong
concentration phenomenon and if D = By then

t+ 5 2 t— B . 2
(L x)-v) = () + (x) - 1)
%0)\+E€fﬁ*.

Since the expected loss of the best in the class only decreases with r, this
term is of the order of A, rather than a factor that grows quadratically in 7,
which is the estimate that results from the L., approach. This at least hints
to the fact that the Lo, approach is likely to lead to very loose estimates.

Despite the fact that above paragraph is totally unjustified as stated and
very optimistic, it turns out that this scenario is very close to the actual
situation (although the proof requires a rather delicate analysis).

4.1 Further preliminaries

For technical reasons, we will make an additional assumption on the eigen-
functions of the kernel. We should emphasize that it is possible that this
assumption may not be necessary to obtain the improved regularization
term, though we were not able to remove it here and it has a crucial role in
our analysis.
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Assumption 4.1 Let K be a kernel on a compact probability space (Q x
Q,p x p) with Q C R%. Assume that there is a constant A for which the
eigenfunctions of K satisfy that sup,, ||¢nllcc < A < 00.

One case is which this assumption is satisfied is when K is a translation
invariant kernel (i.e. K(x,y) = k(x—y) for some function k), (2 is a compact
group and p is the Haar measure on ). In this case all the eigenfunctions
are characters of the group, and thus uniformly bounded in L.

Recall that the feature map ® defines an isometry between an RKHS and
ly. Let T' C 45 be a centrally symmetric, convex, compact subset of ¢5. The
first step in our analysis is to relate the localized sets £y (corresponding to
the class {f; : t € T'}) to subsets of T'. Since this fact appeared implicitly in
several places (see, for example [20], Cor. 3.4) and in more general situations
- for example, loss functions that are uniformly convex rather than the
squared loss, we omit its proof.

Lemma 4.1 Let 3% = argmin,.p Ely,. For every A > 0,
(t—B*:teT,Ly, €Ly} C2VADN2T.

Lemma 4.1 shows that it is sufficient to consider the complexity of the
sets VADNT. The complexity parameters we shall use come from a generic
chaining argument (defined below), and thus a significant part of our analysis
will be based on covering numbers.

Definition 4.2 Let A, B C {3. Denote by N (A, B) the smallest number of
translates of B needed to cover A. If eB is a ball of radius € with respect to
some norm then N (A, eB) is the minimal cardinality of an e-cover of A with
respect to the that norm. If (A,d) is a metric space (rather than a normed
one), we denote the cardinality of a minimal e-cover of A by N(A,e,d).

The generic chaining mechanism (see [29] for the most recent survey
on this topic) is used to relate probabilistic properties of a random process
indexed by a metric space to the metric structure of the underlying space.
This mechanism originated in the study of Gaussian processes t — X; where
it was proved that E sup,cr X: is equivalent to a metric invariant of (T, d),
for d(s,t) = (E| X, — X;|?)'/2. This so-called majorizing measures Theorem
(in which the upper bound of the equivalence was proved by Fernique [10]
and the lower by Talagrand [27]) was later developed to a more general
theory with many interesting applications [29]. The metric invariant that is
at the heart of this theory is the o functional.
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Let (T, d) be a metric space. An admissible sequence of T is a collection
of subsets of T, {Ts : s > 0}, such that for every s > 1, |T| = 2% and
To| = 1.

Definition 4.3 For a metric space (T,d) define

(T, d) = infsup >~ 2°/%d(t, T),
teT =)

where the infimum is taken with respect to all admissible sequences of T.

Definition 4.4 A random process t — Xy indexed by a metric space (T, d)
1s subgaussian relative to d if for every s,t € T and every u > 1,

2
Pr(|Xs — X¢| > ud(s,t)) < 2exp (—2) .

The generic chaining mechanism can be used to show that if {X; : t €
(T,d)} is subgaussian then there is an absolute constant ¢ such that for
every tg € T,

Esup X, — Xiy| < e (T, d),
tel
and similar bounds hold with high probability.

Note that one choice for sets T that constitute a potential (yet, usually
suboptimal) admissible sequence are e4-covers of T', where each ¢ is selected
in a way that ensures that N(7T,¢e4,d) < 22°. Then, an easy computation
[29] shows that

diam(7T,d)
v2(T,d) < c/ Vieg N(T,e,d)de, (4.1)
0

where c is an absolute constant. This is a generalization of Dudley’s entropy
integral (see for example [9, 29]), used in the study of Gaussian processes.
As will be explained later, this integral bound can be improved under certain
assumptions on geometry of T if d is endowed by a norm.

The metric d we will focus on here is a random one and depends on the
sample X1, ..., X,, C £y. For every Xy, ..., X,, set

doo,n(fu g) = 1mnax ’f(Xl) - g(Xl)‘

1<i<n
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In our case, f = fs and g = ¢, and thus d , defines a random norm on a
projection of o — since maxi<j<n | fs(Xi) —g:(Xi)| = maxi<i<n ](Xi, s —t>].
Next, let Up(T) = (EA3(T, doon))'/? and for every = > 0 set

L UnlED) e Un(E)
Pn(r) = G <f,\/EE@, NG )

where K, = TNy/xD C {3 and 8* is the parameter in T for which inf;cp ELy,
is attained.
Recall that

Ly={Ls:EL; <A},
and that
V\={0L;:0<0<1, E(0Ly) <A} ={h €star(LFp,0) : Eh < A}

From Theorem 2.2 it is clear that in order to obtain a useful “isomorphic”
result one has to bound E|| P, — P|y, as a function of A; this is done in the
following theorem. Since it is a modification of a result that was proved in
[4] we will only present an outline of its proof.

Theorem 4.5 There exists an absolute constant ¢ for which the following
holds. If T and X are as above then for every X\ > 0,

o0
E| Py — Pllyy <) 270 (2771N).
i=0

Lemma 4.6 For every A > 0,
i .
E||P, — Pllv, <2) 27'E||P, — Pl|¢
i=0

Proof. Note that for every A > 0,

2i+1N"

WA:{Gszogegl, E(@[,f) <A, EﬁfZA}
t[,f

X R > A 0<t<A
{Eﬁf fesT=re }

(L . . >
=l 2a<ELy <27\ o<t <A g = Wi
. ELf . ’
1=0 1=0
Iftﬁf/E,Cf S Wi)\ then t/E,Cf < 27 and ,Cf € £2i+1)\. Thus, HPR_PHWi,,\ <
2_Z||Pn - P||£2i+1/\'
Finally, let Wy \ = star(£x,0). Note that [P, — Pllw,, < [P — Pz,

and that V) C Wo U Wy, from which our claim follows. [

24



Outline of the proof of Theorem 4.5. Fix A\ > 0. First of all, one can
verify that the Bernoulli process indexed by Ly, given by t — > 7" | £;L4,(X;,Y))
conditioned on (Xj,Y;)" ; is subgaussian with respect to the metric

n n 1/2
d(ft17ft2) = dOO,“(fthtQ) ( sup Z<XZ>U>2+Z‘CB*(X17Y;)>
veVADNT =1 i=1

Hence, if we set K = v/AD N T, then by the Giné-Zinn symmetrization
method [11] followed by a generic chaining argument,

n n 1/2
C 2
E|Po—Plle, < T E | 72(K. dson) (su}3§ X))+ :zg*(Xi,Y@-)>
tek i=1

Moreover, one can show (see, for example, [12]) that if H is a class of
functions then

znj h%(X;) — Eh?

=1

[E sup SCQmaX{\/ﬁUHUn(H)yU?L(H)}a

heH

where 03, = supy,cyy ER?. In particular, for H = {(t,-) : t € K},

n

[E sup Z<t, Xi>2 < nA + o max{VnAU,(K),U2(K)},
teK 5

because E<t, ~>2 < A. Now, a straightforward computation shows that
EllPn = Pllz, < ¢n(N).

To conclude the proof, note that by Lemma 4.6 it is possible to estimate
E|[P. — Pllv, using E| P, — Plc,,,. .

Observe that the sets T' we will be interested in are rBs since they are
the images of rBy in f5. The rest of this section will be devoted to finding

a bound on ¢, (x) for these sets T'.

4.2 Controlling ¢, for T'=rBy

It is clear that ¢, is determined by the structure of the sets K, , = /DN
2rBy C f3. To study the metric properties of these sets we first have to
identify D.
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Consider the random variable Z on € distributed according to p and let
X =®(Z) =32, VNivi(Z)e; € Uy be the random feature map. Clearly,

D={8et:E(,X) <1} ={Bely:E(3,d(2) <1}.

Since (¢;)$2, is an orthonormal system in Lo(u) then

E(B,®(Z))" =Y BiBj/ Nidjwi(Z zw

).]

Hence, D is an ellipsoid in ¢; with the standard basis (e;)7°; as principal
directions, and lengths 1/v/A;.

It is straightforward to verify that for every x,r > 0 there is an ellipsoid
&z, such that K, , = 2rBy N /zD satisfies %Ex,r C Kyyr C &Er. The
principal directions of K, , and &, , coincide and the principal lengths of

Exr are
. T
cmin )TZ-’ re,

where c is an absolute constant.

The structure of the ellipsoids &, , indicates that it should be possible
to obtain a sub-linear dependency on the radius r and the fact that we were
not able to do so in Section 3.1 is an artifact of the suboptimal analysis that
was used there. The sub-linearity occurs because for a > 1, &, o is much
smaller than a&, ,; since it is an intersection body, it only grows in some
directions, and the number of directions in which it grows decreases quickly
with 7.

Now that we have identified the intersection body we are ready to esti-
mate

U, = (E7§ (6:1:,1"7 doo,n)) 12 .

Theorem 4.7 There exists an absolute constant ¢ for which the following
holds. Suppose sup,, ||¢nllco < A and set

o 1/2
Q(z,7)=A <Z min{:r,rQ)\i}> .
i=1

Then U
(E7§(5m7r,doo7n)) / < cQlogn.

Before proving the Theorem we need two additional facts. The first is
an improved “Dudley entropy integral” bound, due to Talagrand.
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Theorem 4.8 [29] There exists an absolute constant c for which the fol-
lowing holds. If € C €5 is an ellipsoid and B is the unit ball of some norm
Il || on R™ then

1/2

WAIET ( /0 ” clog N(S,aB)da)

Another standard fact we need is the dual Sudakov inequality [22].

Lemma 4.9 There exists an absolute constant c¢ for which the following
holds. Let Bg be a unit ball of some norm on R™. Then, for every e > 0,

IEIIGHE>2

log N(By",eBg) < ¢ ( 8

where G = (g1, ..., gm) s a standard Gaussian vector on R™.

Proof of Theorem 4.7. Fix Xy,..., X,, and note that in order to bound
Y2(Ezrs doo,n) it suffices to consider the projection of the (infinite dimen-
sional) ellipsoid &, onto the subspace spanned by Xi,..., X,,. Hence, one
can apply Lemma 4.9. Set |[v||p = maxi<i<, |(v, X;)| and let Bg be the
unit ball {v € 43 : |jv]|p < 1}. Consider the ellipsoid &, , C f2 with prin-

cipal directions (e;)?2; and lengths 6; = ¢; min {\/x/)\i,r}. Let T be the
operator T'e; = 6;e;. Thus, TBy = &, ., for every € > 0,

N(TBsy,eBg) = N(By,cT 'Bg),

and v € eT~! B if and only if max;<;<;, |<v7 T*Xi>| = maxi<i<n \<v, TXZ->\ <
e. Hence, if we set W; = T'X; and B = {v : maxj<i<p |<v, WZ>| < 1} then

N(TBy,eBg) = N(By,eBj) = N(B},2Bp),

where here we mean by B% the unit ball in the subspace of /> spanned by
(Wi)izs-

Let G be a standard Gaussian vector on R™. Then, by Slepian’s Lemma
[9, 23],

_ = N < Al
E||G]z = E max (G, TX;)| < c2/logn max [TXil2

Since T is a diagonal operator and X; = > 22, v/ Aipi(Z;)e; then

ITX503 =D 0207 (2)) < A2 670 = A% min {@,r?\;}
=1 i=1 =1
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Hence, setting
00 1/2
Q(z,mr)=A (Z min {x,r2A¢}> )
i=1

it is evident that
E|Gllg < c2v/1ognQ, (4.2)
and by Lemma 4.9, for every € > 0

Q?logn
22

log N(BYy,eBjp) < c3

In particular, the diameter of BY with respect to the norm || ||z is at most
c@Q+/logn, and we denote this diameter by Ds.

This estimate on the covering numbers will be used for “large” scales of
€. For smaller scales we need a different argument. Applying a volumetric
estimate (see, e.g. [23]), for every norm || ||x on R™ and every ¢ > 0,
N(Bx,eBx) < (5/¢)". Thus, for every 0 < e < 4,

log N(BY,eBp) < log N(BY,6Bg) +1log N(6Bj,<Bj)

21 o
<o T8 g ()
o €

If we take 6% = 03Q2k’% it follows that for e < c4Q+/logn/n = &y,
log N(Bj,eBp) < nlog(eo/e).

Now, by Theorem 4.8, for every X, ..., Xu,
Y3 (Exrs doon) < C5/ elog N(T'By,eBEg)de = 05/ elog N(B3,eBp)de
0 0

€0 Do 21
< 06/ ne log <€—0> de + cg wde.
0 g 13

€0

Using the change of variables n = ¢/g¢, the first integral is bounded by
cened fol nlog(n=1)dn = c7Q?logn. Noting that ey = cgDan~1/2, the second
integral is just

1
c7Q*logn(log Dy — logep) = ¢7Q*logn (2 logn — log cs> = ¢9Q?log? n.
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Now we will bound ¢,,(z) using a parameter that describes the decay of
the eigenvalues ()\;). By Assumption 3.1, the sequence of eigenvalues has a
bounded weak ¢, norm for some 0 < p < 1, implying that for all z > 0,

{Ai = 2} < [[(A)llp.oo ™ (4.3)
Set Q*(x,7) = ¢, A2 Pr?P||(\;)||p.co and define the function Uy, (x, ) by
O, 1) = @, ) log,

where c; is an appropriate constant that depends only on p. Then, by

Lemma 3.4, U, (&) < Un(:v,r) and setting

~ U(:U r)

On(z,7) = \/ﬁ - max (f \/IEEB* )

it follows that for T = By, ¢n(x) < o (z, 7).

Lemma 4.10 Suppose that K satisfies Assumption 3.1 and Assumption
4.1. Then there exists a constant c, depending only on p for which the
following holds. Let T, = rBo and set V, to be the star-shaped hull of
{ﬁf cfe Tr}. IfVT’)\ = {ﬁf eV, Eﬁf < )\} then

E| P, — PHW-,,\ < de;n()‘ﬂ')'
Proof. In view of Theorem 4.5, it is enough to show that the sum
e .o~ .
> 27627 N )
i=0

is dominated by a multiple of the first term in the sum.
For any a > 1 and any x > 0, it is evident from the definition of U,, that

Un(az,r) < o'27PR20, (2, 7);

therefore one can verify that én(ax, r) < alP/ 2<z~5n(x, r). In particular,

> 27, (27N ) < 2! WZQ PRGN T) < cpdn (N, 7).

=0
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Let us pause and explain why this analysis indeed yields a far better
result than the L., approach. We will show later that the dominant factor in
E(| P, —Pllv,, is U, /+/n, which is, up to a logarithmic term and appropriate
constants,

= 1/2
A (n Zmin{x,ﬂ&}) = (x).
i=1

In comparison, the Lo, approach leads to a bound of the order of

L& 1/2
r <n Zmin{x,rQ)\i}> = (xx)
i=1

on E[| P, — P||y, , — which is considerably larger as r grows to infinity.
If z is a “fixed point” of (xx) (as required in the “isomorphic” result on
Theorem 2.2) then

o 1/2
1 .
<n§m1n{;,)\i}> :c%,

and thus x scales quadratically in r. On the other hand, the fixed point of

(x) satisfies
1 & 1/2
(=
rA (n;mln{ﬂ’Ai}> =cr.

Hence, if ()\;) decays quickly, the fixed point will scale like a smaller power
of r — in the worst case, linearly in 7.

The estimate on the fixed point in the alternative approach we presented
in this section is the following:

Theorem 4.11 There exists a constant ¢,y depending only onp and ||Y||r,
such that the following holds. If Assumptions 3.1 and 4.1 are satisfied then
for every r > 1, if

1/2
_ AW [pr? logn

vn

S)

and
A > ¢,y max{©%(1+P) g2/r}

then one has
E|[P = Plly, < A8,
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Proof. Fix r > 1. From the definition of ¢, it suffices to find z for
which U,(z,7)/v/n < cy min{z,/z}, where ¢y < ¢;min{l, (ELg:)"1/2},
for a suitable absolute constant c¢;. Note that since § = 0 is a potential
minimizer, ¢ < ¢;(1 + (EY?)'/2).

The definition of © ensures that Uy, (z,r)/\/n = c;xl/Q_p/z@. To have
Un(x,7)/v/n < cx, therefore, it is enough to have z > (¢, y©)% (7). Simi-
larly, to have U, (z,7)/v/n < cx/? it is enough that cz > (¢, y©)%/?. |

Corollary 4.12 There exist a constant ¢,y depending only on p and ||Y ||
such that the following holds. Suppose that Assumptions 3.1 and 4.1 hold.
Let

AW [P log n

© Vn

and

n

2
pn(r,u) = ¢py (1 + u) max {@2/(1+p)7 r} )

Then the function p, is a legal function in the sense of Theorem 2.5.
In particular, for every u > 0, with probability at least 1 — exp(—u), any
function f € F that minimizes the functional

Pngf + ’ilﬁn(r(f)v u)

also satisfies

Pt; < 71ﬂgf1(¢4(7") + Kopn(r,u))

where

2
Pn(ru) = pn (27“,16 +In % +2In(1 +cdyn + logr)> :

Let us examine the sample error term in order to compare it with our
previous result and with the result of [8]. For a fixed u and 7, the dependency
on n is similar to our previous result; the worst term is ~ (log?n/n)/(+p),
The dependency on r is more interesting: there is one term that grows like
2, while other grows polynomially in 7 with an exponent between zero and
one.

The feature of this new bound that makes it better than our previous one
is the fact that the term with the worst asymptotic behavior in n has the best
asymptotic behavior in r. Indeed, the r2 term in p,(r,u) has a dependence
in n that scales like 1/n, a much better rate than in the previous section.
The significance of this is the suggestion that a regularization term of || f||%
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will result in over-regularization when n is large. In fact, a similar study
to the one that leads to the estimate in (3.3) shows that Corollary 4.12 is
indeed far better. In the following section we will show that one can improve
Corollary 4.12 even further by completely removing the 72 term.

5 Removing the r? term

The function p, from Corollary 4.12 is almost the function we would have
liked to have. Its leading term is ©%/(1P) ~ (#2Pn =1 1og? n)1/(14+P) while the
other term scales like r2/n and is dominant only for very large values of
r. Here, we will show that the latter does not influence the minimization
problem we are interested in and can be removed. Since some of the technical
details of the proof of that observation are rather tedious and have already
been presented in previous sections, certain parts of the argument will only
be outlined.

Let us return to Theorem 2.2. The isomorphic condition we have estab-
lished there holds in the set /' = r By with the functional

2
d)(f’ u) =Cpy <max {@2/(14-1))7 @2/}7} + Cy(l + u) ”f|oo) '
n
That is, for every u > 0, with probability at least 1 — exp(—u), for every
feFr,

%Pnﬁf —Y(f,u) < PLy <2P, Ly +Y(f,u).

Consider the minimization problem one faces when performing regu-
larized learning. The problem is always to minimize a functional A =
Pply + k1Vy, hoping that the minimizer f will satisfy that

Pty < imf A(f) = inf (Ply + k2Vn)

where the functional V,, : H x Ry — R, is nonnegative. In addition, all
of the functionals we are interested in have the property that, for a fixed
f€HandueRy, V,(f,u) tends to zero as n — oo.

We will specify our choice for the functional V,, later, but as a starting
point, observe that since f = 0 is a potential minimizer, then (assuming that
|V |lso < 1), any minimizer of A will satisfy that A(f) < A(0) < 14 V,(0),
and the same will hold for A. Since V,,(0) tends to zero as n grows, we can
take n sufficiently large (depending on ||Y||s) to ensure that v,(0) < 1.
Therefore, for these values of n any minimizer f of A satisfies

A~ ~

A(f) <2
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and any minimizer f* of A satisfies
A(f7) <2.
Thus,
{f: f minimizes A} C {f: E(f -Y)* <2} c {f: Ef? <9},

and

{f: f minimizes A} C {f: A(f) <2} c{f: P,f? <9}.

Having this in mind, we will decompose H into two subsets. The first
one, Hy, will contain {f : Ef? < 9}. In addition, we will show that
F, = Hy NrBpg is an ordered, parameterized hierarchy of H; and that the
assumptions of Theorem 2.5 will be satisfied with respect to a functional
V(r,z) for which the dominant term is ©% (1+P).

Thus, by Theorem 2.5, with high probability, any minimizer of A in Hy

.]] . E
€A < ] ‘/ f I

where V is defined in a similar way to j, in Corollary 4.12.

The next step will be to extend the result beyond H; to H. Indeed,
since {f : Ef? < 9} C Hj then the infimum in H of the RHS of (5.1)
is actually attained in H;. Hence, the infimum in (5.1) is really over all
functions in H. To conclude this line of reasoning, we will then show that
with high probability, every empirical minimizer of Aisin H 1, by proving
that if f € H\H; then P, f? > 9.

The correct decomposition of H is attained using the following estimate
on the ratio between the ||f||z and || || for any function in H.

Lemma 5.1 Suppose that Assumptions 3.1 and 4.1 are satisfied. There is
a constant k3 = K3(A, p, ||(Ni)|lp,co) such that, for every f € H

2/(1-p)
Ef 2 ks <||||§||’F§) |

Proof. Recall that | K (z,z)||ec < landletr > 0. Set f(z) = Y o2, tiv/ Nipi(z)
where ||t||2 = r, and observe that since || K(z,z)||co < 1 then a = || f|loc < 7.
Also, since [[(Aj)||p,o < 00 and (A;)72; is nonnegative and non-increasing
then for every i, A\; < (||(Ai)|lp.co/1) /P
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Fix N be named later and observe that

I £lloe < A thlfM(ZA)m

N+1
(1-p)/2
(wawu e (x) )
1 lloe.
<Az\t\f+

provided that NU=P)/2P > 2 Ar||(A )Hl/Qp/a Hence, AN tiv/ X > /2.
Note that r/« is bounded below by 1/|| K ||~ and so we can choose an integer
N such that

1/2 1/2
247|552 _ 1-my/2p < CATIOD [

« o - «
for some constant ¢ depending on || K||s, p and ||(A;)||p,c0- Clearly, for any
v ERY, \|U||€£v > HU||€{v/\/N, and thus,

N 2 2/(1—

Q o\ 2/(1-p)
Yttnz T =a(G)
1=

where ¢ is a constant depending on K, A, p and |[(A\)||p,c0-
On the other hand, since (¢;)$2; is an orthonormal family,

EZtt VAN i) > Zt A > e < )Ml_p)

1£]ls 2/(1-p)
- (an%) '
B . ||f||oo>2/1 2
Hl—{O}U{f. <”f”p <50 5.

Since the set of minimizers of any functional A we will be interested in is
contained in {f : Ef? < 9} then by Lemma 5.1, the set of such minimizers
is contained in Hj.

Let
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The set H; has additional properties. There is a constant ¢, depending
on p and k3, such that on Hy,

1flloo < el £11%- (5.2)

Moreover, for every r > 0, if one considers F,, = H;Nr By then the minimizer
of Pl in F,. = rBpy actually belongs to F, (again, by comparing to f = 0).
Therefore, it is straightforward to show that F. is an ordered, parameterized
hierarchy of Hy with r(f) = ||f|lz + 1, implying that one can obtain the
desired isomorphic result on Hy, with the || f||%,/n term replaced by || f H%) /n.

Indeed, we can combine Theorem 2.2 with (5.2) and the fact that the
localized averages E|| P, — P|| indexed by {star(Lf ,0) : Eh < A} are smaller
than the localized averages indexed by the larger set {star(Lr,,0) : Eh < A}
to show that for every r > 1, with probability at least 1 —exp(—u), for every
f€F,

%Pnﬁmc — % —c(1+ rQP)% < PL.y<2P,L,;+ % +c(1+ 7"2”)%,

where L, ¢ is the excess loss associated with f relative to E,..

Using Theorem 4.11, one obtains the following:

Corollary 5.2 There exists a constant k) that depends on p, A, ||(Ni)]p,co
and ||Y ||oo for which the following holds. If T = rP/\/n then the function

V' (r,u) = ) (1 + ) max{ (Y logn)> P (T logn)?? 12},

is a legal function in the sense of Theorem 2.5 for the hierarchy {F.:r>0}.
In particular, if we set N'(f,x) = Poly+r1V'(f,u), then with probability
at least 1 — exp(—u), every f that minimizes A in Hy also satisfies

L < 7/
Pl _flglf{ (P€f+/<a2V (r(f),u))

where V' is defined analogously to p, in Corollary 4.12.

Next we will show that the (Ylogn)?/? and Y? terms are non-essential.
Indeed, for sufficiently large n, the minimal value in H of A will be at most
2 (by comparing it to f = 0). Hence, if f € H satisfies that x5k; T logn > 2
(i.e., if | f|lz > Ks(n/log?n)'/?P) then it is not a potential minimizer of A’
in H. Therefore, on the set of potential minimizers, Y logn < ¢, where c
depends on k1, k) and p. Hence, on this set of minimizers, we can bound

V' (r,u) < ka1 + ) (Y logn)?/0+P),
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Denoting the right hand side by V(r,u), we can invoke Remark 2.6 to show
that V(r,u) is a valid functional.

Note that we can increase H by adding every function f € H for which
£l > (n/log?n)(1/?P); we have already argued that such functions cannot
minimize A.

To conclude, if

Hy = HyU{f : [|flla > rs(n/log>n)"/?}
then with probability at least 1 — exp(—u), every f that minimizes
Poly + m1V(r(f),u),

n H{ also satisfies
~ < 1 / .
Pﬁf ;gf <P€f + KoV (T(f), u))

Next, let us consider the set Hy = H\H]. Clearly, each function in Hj

satisfies that || f||g < cl||f||}x/3p and Ef? > 50. We will show that with high
probability, any f € Ho satisfies that P, f2 > 9, and thus it is not a potential
minimizer to A in H.

Lemma 5.3 There exist a constant k¢ that depends on A, p, and ||(\i)]|p.co
and an absolute constant k7 for which the following holds. If 0 € F and
F C kg(n/log?n)Y? By then for every u > 0, with probability at least
1 —exp(—u), for every f € F,

1 u
Pof? 2 SEf? 1 - re(L+ | FI%) .
where || F|loc = sup e || floo-

Proof. Apply Theorem 4.11 with Y = 0, noting that in this case, Ly = f2.
It follows that we can set

Wer = {f2 Nl < Ef2 <z}
and E| P, — Pllw,, < A/8 provided that
A > ¢; max{(Y log n)?/(4P) (T log n)2/Py,

where ¢; depends on A, p and ||(\;)]|p,co- We will apply this fact for A = 2.
That is, we need to ensure that r is chosen in a way such that

¢ max{ (Y logn)¥1*P) (T logn)¥?} < 2,
which is the case, for example, if 7 < ¢p(n/ log? n)'/?P.

The result now follows from Theorem 2.2. [ ]
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Set 1y = kg(n/log?n)/?P and observe that we may assume that Hy C
rgByg. Indeed, this could be done by increasing k5 and noting that Hy C
rs5(n/log? n)/? By.

The final preliminary step we take is to decompose Hs into Lo, shells
in the following way. Fix u > 0 and set r¢ such that x7u(1 + r3)/n < 9.
Put (r;)i%y, ri = 2irg, and 7, is the first that exceeds rgy. Thus, m <
c1(logn +logu). Let

(1-p)/
5= {7 Wl = sl (%)) (5.3

where kg is some constant to be named later. We will consider the sets
Fy = HyNryBy and

Fr=Ho{f:7 < | flloo <731} N B.

Since UiZg(H2a N {f : 7 < [fllc < mig1}) = Ha, any f € Ha\UZy Fi
satisfies that

uy (1-p)/2p
oo < sl fllr (=)

and because || f|lg < rm, then

- )
n

1/2p - 1/2
n u\ (1=p)/2p _ n

[flloo < Keks < 5 > : (—) = cqutP/2_ T
log“n

n log'/Pn’

Therefore,

| Ho\ Ui~ Fill2%, <2 u(1-P)/p

n ! 10g2/p n

Lemma 5.4 There exist constants ¢1 and co depending only on A, p and
|(Xi)||p,oc0 for which the following holds. Fizxn and 0 < u < cin and perform
the above decomposition. For every 0 < i < m, with probability at least 1 —
exp(—u), every f € Fy satisfies that P, f% > 9. Also, if u < cp(logn)¥/(1=»)
then with probability 1 — exp(—u), for every f € Ho\ U~y Fi, Puf? > 9.

Proof. First, fix 1 < ¢ < m and apply Lemma 5.3 to the set F;. For
every f € Fj, || flloo < ||Filloo < 2||f|lco, and thus, with probability at least
1- exp(—u),

1 1+ ||E||2 1 1 2
PanZQEfz—l—H7U( +7’1 ’LHOO) Z Ef2—1—2l€7u( +T‘l|fHoo)

N |
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On the other hand, for every f € B,
1 2/(1-p) 2
[raly# n

provided that kg > (8k7/k3)(17P)/2P. Therefore, with probability at least
1 — exp(—u), for every f € F;,

267U 4 - 28T 5 g
C1

1
PanZiEfz_l_

for a suitably large choice of ¢;.
2
Turning to Fy, since /17% < 9 then by Lemma 5.3, with proba-
bility at least 1 — exp(—u), for every f € Fp,

> 9.

1 w(l + 12
Pnf2Z2Ef2—1_/‘i7(nO)

. . _ (1-p)/ .
Finally, since n™!||Ha\ UL, Fill% < cif?;p, then for our choice of u,
- O: n

AUL B _ o
n

R7uU |

from which our claim follows using the same argument as for Fjp. [

Now we can prove our main result, which is the second part of the
following claim, and was formulated as Theorem A in the introduction.

Corollary 5.5 If Assumptions 3.1 and 4.1 are satisfied then there exist
constants ¢, ca and c3 that depend only on A, p and ||(\;)||pc @ constant
Ny that depends on ||Y||oo and on p and a constant cy that depends only on
|Y |loo for which the following holds.

If n > Ny, ciloglogn < u < ey(logn)?=P) | then with probability at
least 1 — exp(—u/2), for every f € Hy, P,f? > 9. Thus, all the minimizers
m H of

Puls + w1V (f,u) (5.4)

belong to Hy. In particular, for such values of u, with probability at least
1 —2exp(—u/2), every minimizer f in H of (5.4) satisfies that

s < |/
Pl < ;QI{;Pﬁf + k2V(f,u)

where

(£l + 1)P 1ogn>2/“+p’

f/(f,u):03(1—I—u—i—cYlnn—l—lnlog(||f||H+e))( NG
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A  Proofs

The starting point in the proof of Theorem 2.5 is the following theorem by
Bartlett [1].

Theorem A.1 Suppose that {F,;r > 1} is an ordered, parameterized hier-
archy and that p,(r) is a positive, continuous, increasing function. If, for
allr>1 and all f € F,,

1
§Pn£7",f —pn(r) < PLyy <2P,Ly ¢ + pn(7) (A.1)

then
Pl; < }gg(Pﬁf +c1pn(r(f)))

where f is any function that minimizes the functional Poly + copn(r(f))-

Proof of Theorem 2.5. Let (r;)72; be an increasing sequence (to be
determined later) such that 1 = 1 and r; — oo as i — oo. Define, for each
i >1, u; = u+In(7?/6) + 21Ini. Then

o
=0

and so, by the union bound, with probability at least 1 — e, for every
i>1,

1
ipnﬁri,f - Pn(Ti,Uz‘) < Pﬁri,f < zpnﬁri,f + pn(riauj)'

If we only cared about a sequence of r;, this would be enough for our
result. However, we need an almost-isomorphic condition for all » > 1 and
so the next step must be to find an almost-isomorphic condition for F,. when
r € [rj_1,r;]. In one direction, we have

PL, ;= P’er,f - P‘C%”fﬁ
<2PLy g+ pa(rj,ug) — PLy g
= 2P, Ly p + 2P, Ly, px + pu(rj, u) — PL,, g+
<2P,L, s+ 5,0n(7"j, Uj) + 3P£Tj7f':
< 2PnLy g+ 5pn(rjsug) +3PLy; pe (A-2)
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while in the other direction, we get

PL,.; = 2PL, ; —2PL,,
> Pn[frj,f - 2pn(’l”j,’u]') - 2P‘C7"j’f;
= Pnﬁr,f + Pnﬁrj,f: - 2Pn(rj7uj) - 2P£7"j»f:

5) 3
> Pnﬁr,f - ipn(rhuj) - §P£Tj7f:

5) 3
Z Pn[/,«’f - ipn(’l“j,uj‘) — ip‘crjaf* (Ag)

Ti—1

Now we can choose our sequence r;: recall that r1 = 1 and set r;, for all
i > 2, to be the largest number satisfying both

ry < 2ri
PE?”jaf?i,l < pn(ri, ug). (A4)

Note that choosing the largest number is not a problem because both p,, (r, u)
and PL,, fz,_, are continuous functions of r; that is, the supremum of the
set of r satisfying (A.4) is attained.

Our choice of r; ensures that, for all ¢ > 1,

PUfY)  PUSY P Y
ZS (f?"l ) _ ( 03 )+10g(27"2) S (f1 )
pn(ri,ut)  pn(ri, u;) pn(r1,ur)

+log(2r;).  (A.5)

Indeed, for ¢ = 1 this is trivial. For larger ¢ we can proceed by induction: our
definition of r; ensures that either r; = 2,1 or PU(f_|Y) = PL(f},Y)+
pn(Ti,u;). In the first case, logr; = logr;—1 + 1 and the inductive step
follows. In the second case, assuming that

PO(fr,Y)  PUfE YY)

1)

11— 1< — + logr;_1
pn(ﬁ’ ul) pn(Tz—hUz—l)

then

Pﬂ(fn, Y) PUf_Y) |
Pn(ﬁ,ul) T pn(riet, wi1) + 1 + log(2r;)
(

Pg( Pe( Ti— 17Y)

T17
Pn 7“1,u1) pn(Ti, u;)
P (f’r‘17Y) PE( :17Y)

opn(r,ur)  pa(r, )

+ 1+ log(2r;)

+ log(2r)
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which proves (A.5) by induction. In particular, for any i > 1 and any r > r;,
u; < 0(r,u). Therefore

Pn(% uz) < Pn(27'; 9(T7 u))

for any r € [ri_1,7i].

Note that (A.5) implies that the sequence r; tends to infinity with 4.
Then by (A.2), (A.3) and (A.4), with probability at least 1 —e™", for all
r>1andall f € F,,

1
ipnﬁr’f —4pn(2r,0(r,u)) < PL,y < 2P, L, 5 + 8pp(2r,0(r,u)).

We conclude the proof by applying Theorem A.1. [
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