OPTIMAL RATES FOR REGULARIZED LEAST-SQUARES
ALGORITHM

A. CAPONNETTO AND E. DE VITO

ABSTRACT. We develop a theoretical analysis of the generalization perfor-
mances of regularized least-squares algorithm on a reproducing kernel Hilbert
space in the supervised learning setting. The presented results hold in the
general framework of vector-valued functions, therefore they can be applied to
multi-task problems. In particular we observe that the concept of effective di-
mension plays a central role in the definition of a criterion for the choice of the
regularization parameter as a function of the number of samples. Moreover
a complete minimax analysis of the problem is described, showing that the
convergence rates obtained by regularized least-squares estimators are indeed
optimal over a suitable class of priors defined by the considered kernel. Finally
we give an improved lower rate result describing worst asymptotic behavior on
individual probability measures rather than over classes of priors.

1. INTRODUCTION

In this paper we investigate the estimation properties of the regularized least-
squares (RLS) algorithm on a reproducing kernel Hilbert space (RKHS) in the
regression setting. Following the general scheme of supervised statistical learning
theory, the available input-output samples are assumed to be drawn i.i.d. according
to an unknown probability distribution. The aim of a regression algorithm is esti-
mating a particular invariant of the unknown distribution: the regression function,
using only the available empirical samples. Hence the asymptotic performances
of the algorithm are usually evaluated by the rate of convergence of its estimates
to the regression function. The main result of this paper shows a choice for the
regularization parameter of RLS, such that the resulting algorithm is optimal in a
minimax sense for a suitable class of priors.

The RLS algorithm on RKHS of real-valued functions (i.e. when the output space
is equal to R) has been extensively studied in the literature, for an account see [33],
[30], [17] and references therein. For the case X = R? and the RKHS a Sobolev
space, optimal rates were established assuming a suitable smoothness condition on
the regression function (see [18] and references therein). For an arbitrary RKHS
and compact input space, in [5] a covering number technique was used to obtain
non-asymptotic upper bounds expressed in terms of suitable complexity measures
of the regression function (see also [33] and [37]). In [8], [26], [9], [27] the covering
techniques were replaced by estimates of integral operators through concentration
inequalities of vector-valued random variables. Although expressed in terms of
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easily computable quantities the last bounds do not exploit much information about
the fine structure of kernel. Here we show that such information can be used to
obtain tighter bounds. The approach we consider is a refinement of the functional
analytical techniques presented in [9]. The central concept in this development is
the effective dimension of the problem. This idea was recently used in [36] and [19]
in the analysis of the performances of kernel methods for learning. Indeed in this
paper we show that the effective dimension plays a central role in the definition of
an optimal rule for the choice of the regularization parameter as a function of the
number of samples.

Although the previous investigations in [8],[26], [9], [27] showed that operator
and spectral methods are valuable tools for the performance analysis of kernel
based algorithms such as RLS, all these results failed to compare with similar re-
sults recently obtained using entropy methods (see [10],[29]). These results (e.g.
[29], Theorem 1.3) showed that the optimal rate of convergence is essentially deter-
mined by the entropy characteristic of the considered class of priors with respect
to a suitable topology induced by px, the marginal probability measure over the
input space. Clearly, entropy numbers, and therefore rates of convergence, depend
dramatically on px. However px seems not to be crucial in the rates found in [8],
[26], [9], [27]. This observation was our original motivation for taking into account
the effective dimension: a spectral theoretical parameter which quantifies some ca-
pacity properties of px by means of the kernel. In fact, the effective dimension
turned out to be the right parameter, in our operator analytical framework, to get
rates comparable to the ones defined in terms of entropy numbers.

Recently various papers, [34], [1],[20],[14], have addressed the multi-task learning
problem using kernel techniques. For instance [34] employs two kernels, one on the
input space and the other on the output space, in order to represent similarity mea-
sures on the respective domains. The underlying similarity measures are supposed
to capture some inherent regularity of the phenomenon under investigation and
should be chosen according to the available prior knowledge. On the contrary in [1]
the prior knowledge is encoded by a single kernel on the space of input-output cou-
ples, and a generalization of standard support vector machines is proposed. It was
in [20] and [14] that for the first time in the learning theory literature it was pointed
out that particular scalar kernels defined on input-output couples can be profitably
mapped onto operator-valued kernels defined on the input space. However, to our
knowledge, a thorough error analysis for regularized least-squares algorithm when
the output space is a general Hilbert space had never been given before. Our result
fills this gap and is based on the well known fact (see for example [25] and [3]) that
the machinery of scalar positive defined kernels can be elegantly extended to cope
with vector-valued functions using operator-valued positive kernels. An asset of
our treatment is the extreme generality of the mathematical setting, which in fact
subsumes most of the frameworks of its type available in the literature. Here, the
input space is an arbitrary Polish space and the output space any separable Hilbert
space. We only assume that the output y has finite variance and the random vari-
able (y — E[y|x]), conditionally to the input z, satisfies a momentum condition a
la Bennett (see Hypothesis 2 in Section 3).

The other characterizing feature of this paper is the minimax analysis. The first
lower rate result (Th. 2 in Section 4) shows that the error rate attained by RLS
algorithm with our choice for the regularization parameter is optimal on a suitable
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class of probability measures. The class of priors we consider depends on two pa-
rameters: the first is a measure of the complexity of the regression function, as in
[26], the other one is related to the effective dimension of the marginal probability
measure over the input space relative to the chosen kernel; roughly speaking, it
counts the number of degrees of freedom associated to the kernel and the marginal
measure, available at a given conditioning. This kind of minimax analysis is stan-
dard in the statistical literature but it has received less attention in the context of
learning theory (see for instance [17], [10], [29] and references therein). The main
issue with this kind of approach to minimax problems in statistical learning is that
the bad distribution in the prior could depend on the number of available samples.
In fact we are mainly interested in a worst case analysis for increasing number of
samples and fized probability measure. This type of problem is well known in ap-
proximation theory. The idea of comparing minimax rates of approximation over
classes of functions with rates of approximation of individual functions, goes back
to Bernstein’s problem (see [28], Section 2, for an historical account and some ex-
amples). In the context of learning theory this problem was recently considered in
[17], Section 3, where the notion of individual lower rate was introduced.Theorem
3 in Section 4 gives a new lower rate of this type greatly generalizing analogous
previous results.

The paper is organized as follows. In Section 2 we briefly recall the main
concepts of the regression problem in the context of supervised learning theory,
[6],[15],[23]; however, the formalism could be easily rephrased using the language
of non-parametric regression as in [17]. In particular we define the notions of up-
per, lower and optimal uniform rates over priors of probability measures. These
concepts will be the main topic of Sections 4 and 5. In Section 3 we introduce the
formalism of operator-valued kernels and the corresponding RKHS. Moreover we
describe the mathematical assumptions required by the subsequent developments.
The assumptions specify conditions on both the RKHS (see Hypothesis 1) and the
probability measure on the samples (see Hypothesis 2). Finally, we introduce (see
Definition 1) the class of priors that will be considered throughout the minimax
analysis.

In Section 4 we state the three main results of the paper, establishing upper
and lower uniform rates for regularized least-squares algorithm. The focus of our
exposition on asymptotic rates, rather than on confidence analysis for finite sam-
ple size, was motivated by the decision to stress the aspects relevant to the main
topic of investigation of the paper: optimality. However all the results could be,
with a relatively small effort, reformulated in terms of a non-asymptotic confidence
analysis.

The proofs of the theorems stated in Section 4 are postponed to Section 5.

2. LEARNING FROM EXAMPLES

We now introduce some basic concepts of statistical learning theory in the re-
gression setting for vector-valued outputs (for details see [32], [15], [24], [6], [20]
and references therein).

In the framework of learning from examples there are two sets of variables: the
input space X and the output space Y. The relation between the input z € X and
the output y € Y is described by a probability distribution p(z,y) = px(z)p(y|z)
on X x Y, where px is the marginal distribution on X and p(-|z) is the conditional
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distribution of y given x € X. The distribution p is known only through a training
setz = (x,y) = ((z1,91),- .., (ze,ye)) of £ examples drawn independently and iden-
tically distributed (i.i.d.) according to p. Given the sample z, the aim of learning
theory is to find a function f, : X — Y such that f,(x) is a good estimate of the
output y when a new input x is given. The function f, is called the estimator and a
learning algorithm is the rule that, for any ¢ € N, gives to every training set z € Z*
the corresponding estimator f,. We also use the notation f;(z), or equivalently f£,
for the estimator, every time we want to stress its dependence on the number of
examples. For the same reason, a learning algorithm will be often represented as a
sequence {f;}sen of mappings f, from Z* to the set of functions YX.

If the output space Y is a Hilbert space, given a function f : X — Y, the ability
of f to describe the distribution p is measured by its ezpected risk

Elf) = /X r@) =yl dola)

The minimizer of the expected risk over the space of all the measurable Y-valued
functions on X is the regression function

fo(z) = /Y ydp(yla).

The final aim of learning theory is to find an algorithm such that £[f,] is close
to £[f,] with high probability. However, if the estimators f, are picked up from
a hypothesis space H which is not dense in L?(X, px), approaching &[f,] is too
ambitious, and one can only hope to attain the expected error inf ;eq E[f].

A learning algorithm f, which, for every distribution p such that fy ||yH§, dpy <
400, achieves this goal, that is

EETOOPZNPZ Elfz] — fuel?fig[f] >e|l =0 Ve>D0,
is said to be universally consistent.

Universal consistency is an important and well known propriety of many learn-
ing algorithms, among which the regularized least-squares algorithm that will be
introduced later. However, if H is infinite dimensional, the rate of convergence in
the limit above, can not be uniform on the set of all the distributions, but only on
some restricted class P defined in terms of prior assumptions on p. In this paper
the priors® are suitable classes P of distribution probabilities p encoding our knowl-
edge on the relation between x and y. In particular we consider a family of priors
P(b, ¢) (see Definition 1) depending on two parameters: the effective dimension of H
(with respect to px) and a notion of complexity of the regression function f, which
generalize to arbitrary reproducing kernel Hilbert spaces the degree of smoothness

Warious different definitions of consistency can be found in the literature (see [17] [11]): “in
probability”, “a.s.”, “weak”, “strong” . In more restrictive settings than ours, for example assum-
ing that || fz(x) — y||y is bounded, it is possible to prove equivalence results between some of this
definitions (e.g. between “weak” and “strong” consistency). However this is not true under our
assumptions. Moreover our definition of consistency is weaker than analogous ones in the litera-
ture because we replaced £[f,] with inf yc £[f] in order to deal with hypothesis spaces which are
not dense in L2(X, px).

2The concept of “prior” considered here should not be confused with its homologous in Bayesian
statistics.
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of f,, usually defined for regression in Sobolev spaces (see [11],[30],[17],[5],[9] and
references therein).

Assuming p in a suitably small prior P, it is possible to study the uniform con-
vergence properties of learning algorithms. A natural way to do that is considering
the confidence function (see [10], [29])

i%figgpzwpz ElfL) - jnf Elfl > €| LENe>0,
where the infimum is over all the mappings f; : Z* — H. The learning algorithms
{fe}een attaining the minimization are optimal over P in the minimax sense. The
main purpose of this paper (accomplished by Theorems 1 and 2) is showing that,
for any P in the considered family of priors, the regularized least-squared algorithm
(with a suitable choice of the regularization parameter) shares the asymptotic con-
vergence properties of the optimal algorithms.

Let us now introduce the regularized least-squares algorithm [33], [22], [6], [37].
In this framework the hypothesis space H is a given Hilbert space of functions
f:X — Y and, for any A > 0 and z € Z*, the RLS estimator f,' is defined as the
solution of the minimizing problem

1
(g 2 15) = willy + ANl
In the following the regularization parameter A = A\ is some function of the number
of examples /.

The first result of the paper is a bound on the upper rate of convergence for the
RLS algorithm with a suitable choice of Ay, under the assumption p € P. That is,
we prove the existence of a sequence (a¢)e>1 such that

(1) lim limsupsupP,,c |E[fo*] — inf E[f] > Tas| = 0.
TP Yoo pEP fer
More precisely, Theorem 1 shows that there is a choice A = A such that the rate
of convergence is ay = ffﬁ, where 1 < ¢ < 2 is a parameter related to the
complexity of f, and b > 1 is a parameter related to the effective dimension of H.
The second result shows that this rate is optimal if Y is finite dimensional.
Following the analysis presented in [17], we formulate this problem in the framework
of minimax lower rates. More precisely, a minimax lower rate of convergence for
the class P is a sequence (a¢)¢>1 of positive numbers such that

. e o ¢ .
(2) Thi% lglinﬁ{.lof 1}1012f§1€1713 P, pe |Elfa] — flg?f_té'[f] > Tag| >0,
where the infimum is over all the mappings f; : Z°* — H. The definition of lower
and upper rates are given with respect to the convergence in probability as in [30]
and coherently with the optimization problem inherent to the definition of confi-
dence function. On the contrary, in [17] convergence in expectation was considered.
Clearly, an upper rate in expectation induces an upper rate in probability and a
lower rate in probability induces a lower rate in expectation.

The choice of the parameter A\ = Ay is optimal over the prior P if it is possible to
find a minimax lower rate (as),>1 which is also an upper rate for the algorithm f,\¢.
Theorem 2 shows the optimality for the choice of Ay given by Theorem 1.
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The minimax lower rates are not completely satisfactory in the statistical learn-
ing setting. In fact from the definitions above it is clear that the bad distribution
(the one maximizing P, ¢ [E[f£] — infser E[f] > Tar]) could change for different
values of the number of samples ¢. Instead, usually one would like to know how
the excess error, E[ff] — inffey, decreases as the number of samples grows for a
fixed probability measure in P. This type of issue is well known, and has been
extensively analyzed in the context of approximation theory (see [28], Section 2).
To overcome the problem, one needs to consider a different type of lower rates: the
individual lower rates. Precisely, an individual lower rate of convergence for the
prior P is a sequence (az)¢>1 of positive numbers such that

(3) inf sup limsup Eorpt (Elfz] - infyen E1f])
{fe}een peP t—400 Gy

>0,

where the infimum is over the set of learning algorithms { f¢}ren.

Theorem 3 proves an individual lower bound in expectation. However, in order
to show the optimality of the regularized least-squares algorithm in the sense of
individual rates, it remains to prove either an upper rate in expectation or an
individual lower rate in probability.

3. NOTATIONS AND ASSUMPTIONS

The aim of this section is to set the notations, to state and discuss the main
assumptions we need to prove our results and to describe precisely the class of
priors on which the bounds hold uniformly.

We assume that the input space X is a Polish space® and the output space Y is

a real separable Hilbert space. We let Z be the product space X x Y, which is a
Polish space too.
We let p be the probability measure describing the relation between z € X and y €
Y. By px we denote the marginal distribution on X and by p(-|z) the conditional
distribution on Y given = € X, both existing since Z is a Polish space, see Th.
10.2.2 of [12].

We state the main assumptions on H and p.

Hypothesis 1. The space H is a separable Hilbert space of functions f : X — YV
such that
— for all z € X there is a Hilbert-Schmidt* operator K, : Y — H satisfying

(4) fle)=K.f [feH,

where K : ' H — Y is the adjoint of K,;
— the real function from X x X to R

(5) (z,t) — (K, Kyw),, is measurable Vv, w € Y
— there is K > 0 such that
(6) Tr(K;K,) <k VzelX.
3A Polish space is a separable metrizable topological space such that it is complete with respect
to a metric compatible with the topology. Any locally compact second countable space is Polish.

4An operator A : Y — H is a Hilbert-Schmidt operator if for some (any) basis (vj)j of YV, it
holds Tr(A*A) = 37, (Avj, Avj),, < +oo.
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Hypothesis 2. The probability measure p on Z satisfies the following properties

7) [ 1ol dotan) < .
— there exists fp; € H such that
0 U = jnt ELF),

2
where E[f] = [, |f(z) = ylly do(z,y);
— there are two positive constants >, M such that

llv=fr@lly - 2
(9) /Y (efM(> _ Hy J;?\}(x)HY _ 1) dp(y\m) < 2?\42

for px-almost all x € X.

We now briefly discuss the consequences of the above assumptions.
If Y = R, the operator K, can be identified with the vector K,1 € H and (4)
reduces to
f@)=(f,K.) feH zeX,
so that H is a reproducing kernel Hilbert space [2] with kernel
(10) K(x,t) = (K¢, Ky )y -

In fact, the theory of reproducing kernel Hilbert spaces can naturally be extended
to vector valued functions [25]. In particular, the assumption that K, is a Hilbert-
Schmidt operator is useful in keeping the generalized theory similar to the scalar
one. Indeed, let £(Y) be the space of bounded linear operators on Y with the
uniform norm |[-[| £ 3,). In analogy with (10), let K : X x X — L(Y) be the (vector
valued) reproducing kernel

K(z,t)=K;K; =z,teX.

Since K, is an Hilbert-Schmidt operator, there is a basis (vj(z)); of Y and an
orthogonal sequence (k;(x)); of vector in H such that

K,v= Z (v,vj(x))y kj(x) veEY
J
with the condition > [|k; (:U)Hi‘ < 400. The reproducing kernel becomes
K(z,t)v = Z (ki (), km(2)) (v, 0;(t)) vm(z) v EY,
im
and (6) is equivalent to

S k@2 <r weX.
J

Remark 1. If Y is finite dimensional, any linear operator is Hilbert-Schmidt and (4)
is equivalent to the fact that the evaluation functional on H

f—flx)eY
is continuous for all x € X. Moreover, the reproducing kernel K takes values in

the space of d x d-matrices (where d = dimY’). In this finite dimensional setting
the vector valued RKHS formalism can be rephrased in terms of ordinary scalar
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valued functions. Indeed, let (vj)?zl be a basis of Y, X = X x {1,...,d} and
K : X x X — R be the kernel

~

K(x,j;t,1) = (Ki, Kpvj),, -

Since K is symmetric and positive definite, let H be the corresponding reproducing
kernel Hilbert space, whose elements are real functions on X [2]. Any element
f € H can be identified with the function in H given by

[z, j) = (f(x),v)y xeX,j=1,...,d

Moreover the expected risk becomes

e = [ U@ =)} doley)

S [ i) =) o)

~ 4 / (F(@.5) — €2 dp(. 5. €) = dE|f]

X xR
where p; are the marginal distributions with respect to the projections

((E,y) = (.’E, <y,'Uj>Y) (x,y) cX XY

and 7 is the probability distribution on X x R given by p = é >_; pj- In a similar
way, the regularized empirical risk becomes

~| =

4 d
SO (F@id) = v + M, vig = Wovs)y
i=1 j=1

where the example (x;,y;) is replaced by d-examples (z;,¥i1), - - -, (@i, Yi.d)-
However, in this scalar setting the examples are not i.i.d, so we decide to state the
results in the framework of vector valued functions. Moreover this does not result
in more complex proofs, the theorems are stated in a basis independent form and
hold also for infinite dimensional Y.

Coming back to the discussion on the assumptions. The requirement that H is
separable avoids problems with measurability and allows to employ vector valued
concentration inequalities. If (5) is replaced by the stronger condition

(z,t) — (K, Kyw),, is continuous Vo, w €Y,

the fact that X and Y are separable implies that H is separable, too [4]. Con-
ditions (5) and the fact that H is separable ensure that the functions f € H are
measurable from X to Y, whereas (6) implies that f are bounded functions. In-
deed, (6) implies that

(11) I 2, vy = 1Bl oivpgy < VIN(KGKL) <V,
and (4) gives

1f @)y = K2 flly < VENflly  VoeX.
Regarding the distribution p, it is clear that if (7) is not satisfied, then E[f] = +o0
for all f € H and the learning problem does not make sense. If it holds, (5) and (6)
are the minimal requirements to ensure that any f € H has a finite expected risk
(see item i) of Prop. 1).
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In general fy is not unique as an element of H, but we recover uniqueness by
choosing the one with minimal norm in H.
If the regression function

fpz/yydp(ylfv)

belongs to H, clearly fx = f,. However, in general the existence of fy is a weaker
condition than f, € H, for example, if H is finite dimensional, fy always exists.
Condition (8) is essential to define the class of priors for which both the upper
bound and the lower bound hold uniformly. Finally, (9) is a model of the noise of
the output y and it is satisfied, for example, if the noise is bounded, Gaussian or
subgaussian [31].

We now introduce some more notations we need to state our bounds.
Let Lo(H) be the separable Hilbert space of Hilbert-Schmidt operators on H with
scalar product

(A, B),(ny = Te(B*A)

[All 2, vy = VTx(A*A) = [|All £ (5 -

and norm

Given z € X, let

(12) T, =K,K; € L(H),

which is a positive operator. A simple computation shows that
T, =TrK;K, <k

so that T, is a trace class operator and, a fortiori, a Hilbert-Schmidt operator.
Hence

(13) ITell 20y < N Tell gy < Tr(T2) < 5.
We let T': ' H — H be
(14) T:/ T, dpx (z),

X

where the integral converges in L2(H) to a positive trace class operator with
(15) HT”ﬁ(H) < TrT:/ Tr T, dpx(x) < K
X

(see item ii) of Prop. 1). Moreover, the spectral theorem gives

N
(16) T = Ztn <'aen>H €n,
n=1

where (e,))_; is a basis of Ker Tt (possibly N = +00), 0 < t,41 < t, with
25:1 t, =TrT < k.
We now discuss the class of priors.
Definition 1. Let us fiz the positive constants M, 3, R, a and (3.
Then, given 1 < b < 400 and 1 < ¢ < 2, we define P = P(b, ¢) the set of probability
distributions p on Z such that
i) Hypotheses 2 holds with the given choice for M and ¥ in (9);

ii) there is g € H such that fr = Tz g with ||g||3{ < R;
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iii) if b < 400, then N = +oo and the eigenvalues of T given by (16) satisfy
(17) a<nb, < 6 Vn>1,
whereas if b = 400, then N < § < 4o00.

The first condition ensures that the constants appearing in the bounds do not
depend on p, but only on P. The second condition is a measure of the complex-
ity of f7; depending both on the conditional distribution p(y|z) and the marginal
distribution px. If H is a Sobolev space, this is related to the smoothness of fy.
About the last condition, observe that T depends only on px and (17) is related to
the effective dimension of the space H with respect to px. If b = +o00, H is finite
dimensional, f; always exists and condition ii) holds for any 1 < ¢ < 2.

Remark 2. The above conditions can be expressed in a different way. Let L?(X)
be the Hilbert space of functions from X to Y square-integrable with respect to
px, and denote by |||, and (-,-), the corresponding norm and scalar product.
Define Lg : L?(X) — L?(X) be the integral operator of kernel K

(Lro)(t /Ktx ) dpx (2),

which is bounded by (6). Based on the polar decomposition of the inclusion map
from H into L?(X), in [7] it is shown that

1
LK—Zt S Pn)py On €n = Lin,

where (gbn) _, is a basis of (ker Lg)* and L}%( is the square root of Ly (so that
Lign = tign = en). Moreover fy = T g with [|g|2, < R if and only if
fr = Lic with 6], <R

4. UPPER AND LOWER RATES

In this section we report the main results of the paper. We first prove an upper
bound on the expected risk for the regularized least-squares estimators. More
precisely, we give a choice for the regularization parameter A, as a function of /,
providing us with a rate of decay of the expected risk which is uniform on the
prior P(b,c). Moreover, we obtain a minimax lower rate for P(b, c) showing that
the above choice of the parameter is optimal. Both the upper and the lower rates
hold in probability. Finally, we prove an individual lower rate in expectation. The
proofs are given in the next section.

We recall that, given A > 0, for any ¢ € N and any training set z = (x,y) =
((x1,91),- -+, (xe,ye)) € Z°, the estimator £, is defined as the solution of the mini-
mization problem

(1
(18) min <£¥ /() = wily +A|f||i> :

whose existence and uniqueness is well known (see item v) of Prop. 1).
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Theorem 1. Given 1 <b < +o0 and 1 < ¢ <2, let

(%)Tbﬂ b<+oo c>1

(19) Ae=1¢ (2895 p< oo c=1

(%)% b=+o00
and

(§)7F1  b<+o0 c>1

(20) ag = (1052)% b<+4oc0o c¢=1
% b=+oc0
then
(21) lim limsup sup P, [E[f2] — E[fn] > Ta] =0

T f—oo peP(biC)
The above result gives a family of upper rates of convergence for the RLS al-

gorithm as defined in (1). The following theorem proves that the corresponding
minimax lower rates (see eq. (2)) hold.

Theorem 2. Assume that dimY =d < 400, 1 <b < 400 and 1 <c <2, then

lim liminfinf sup P, [E[fL] — E[fr] > Tﬁzﬁ] =1
7T—0 l—+o0 fo pEP(b,c)

The above result shows that the rate of convergence given by the RLS algorithm
is optimal when Y is finite dimensional for any 1 < b < 400 (i.e. N = 400) and
1 < ¢ <2 and that it is optimal up to a logarithmic factor for ¢ = 1.

Finally, we give a result about the individual lower rates in expectation (see

eq. (3)).
Theorem 3. Assume that dimY =d < 400, 1 <b < 400 and 1 < ¢ < 2. Then,
for every B > b the following individual lower rate holds
: : B, (E[f2] = ELfn)
inf sup limsup

. >0
{feleen peP(be) £—+o0 ¢~ E 7

where the infimum is over the set of all learning algorithms { fo}een.

The advantage of individual lower rates over minimax lower rates have already
been discussed in Sections 1 and 2. Here we add that the proof of the theorem above
can be straightforwardly modified in order to extend the range of the infimum
to general randomized learning algorithms, that is algorithms whose outputs are
random variables depending on the training set. Such a generalization seems not
an easy task to accomplish in the standard minimax setting. It should also be
remarked that the condition 1 < ¢ < 2 in Th. 3 has been introduced to keep
homogeneous the notations throughout the sections of the paper, but it could be
relaxed to 0 < ¢ < 2.

5. PROOFS

In this section we give the proofs of the three theorems stated above.
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5.1. Preliminary results. We recall some known facts without reporting their
proofs.

The first proposition summarizes some mathematical properties of the regular-
ized least-squares algorithm. It is well known in the framework of linear inverse
problems (see [13]) and a proof in the context of learning theory can be found in
[7] and, for the scalar case, in [6].

Proposition 1. Assume Hypothesis 1 and 2. The following facts hold.
i) For all f € H, f is measurable and

el = [ 15 =l dolay) < +oc.
i) The minimizers fy are the solution of the following equation

(22) Tin=g,

where T is the positive trace class operator defined by

T:/ KIK;:/ T.dpx ()
X X
with the integral converging in Lo(H) and
(23) 9= [ Kufyla)dpx(@) € 1
X

with the integral converging in H.
ili) Forall f € H

(21) §f) - el = VTG -5, Fem

iv) For any A > 0, a unique minimizer f* of the regularized expected risk

ELfI+ A3

erists and is given by
(25) P=T+N"g=(T+N"'Tlx.

v) Given a training setz = (x,y) = ((x1,91), - - -, (e, y¢)) € Z°, for any A > 0
a unique minimizer f, of the regularized empirical risk

¢
1 2 2
7 Z £ (i) = willy + A fI5
i=1
exists and is given by
(26) f2 =T+ N)g
where Ty : H — H is the positive finite rank operator

14
1
27 T« = - T,.
(21) LT

and g, € H is given by

¢
1
28 =S K,
(28) g E;ﬂ Y
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By means of (4), T and g are explicitly given by

(20)  (Tf)w) = KiTf = /K*Kt )F dpx (1 /th ) dpx (1),

so T acts as the integral operator of kernel K, and
(30) o) = Kig = [ (.05, dpx(0).
X

We also need the following probabilistic inequality based on a result of [21], see
also Th. 3.3.4 of [35].

Proposition 2. Let (Q,F, P) be a probability space and & be a random variable
on Q taking value in a real separable Hilbert space K. Assume that there are two
positive constants L and o such that

(31) Elllc - BIEJIR] < gmloe?L™?  Vm 22,

then, for all £ € N and 0 <n < 1, then
14

5> € ~ Bl

i=1

(32) ]P)(wl,...,w[)wPf [

In particular, (31) holds if

€@ <

39) Bl < o
5.2. Upper rates. The main steps in the proof of the upper rate of convergence
given in Th. 1 are the following.

First, given a probability distribution p satisfying Hypothesis 2, Th. 4 gives an
upper bound for £[f;] — £[f#/] that holds in probability for any small enough A and
any large enough ¢ (see (35)). The bound is controlled by the following quantities
parametrized by A > 0,

(1) the residual

A = 18] - £l = VI - )]

where f* € H is the minimizer of the regularized expected risk (see item
v) of Prop. 1) and the second equality is a consequence of (24).
(2) the reconstruction error

=1 = Il
(3) the effective dimension
N =Te[(T+ N7,
which is finite due to the fact that T is trace class (see item ii) of Prop. 1).

Roughly speaking, the effective dimension A()) controls the complexity of the
hypothesis space H according to the marginal measure px, whereas A(X) and B(\),
which depend on p, control the complezity of fp.
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Remark 3. In the framework of learning theory A(\) = || - fHHZ is called ap-
proximation error, whereas in inverse problems theory the approximation error is
usually +/B(\) = Hf’\ — fHH’H' In order to avoid confusion we adopt the nomen-
clature of inverse problems [13].

Next, Prop. 3 studies the asymptotic behavior of the above quantities when A
goes to zero under the assumption that p € P(b,¢). Finally, from this result it is
easy to derive a best choice for the parameter A = )\, giving rise to the claimed rate
of convergence.

The following theorem gives a non-asymptotic upper bound which is of interest
by itself.

Theorem 4. Let p satisfy Hypothesis 2, £ € N, A > 0 and 0 < n < 1. Then with
probability greater than 1 —

(1) €€l <G, (A(A) '

provided that

K2B(\) N kA(N) N kM? N 2N (N)
129N ) 129N ¢

2C, kN ()

(35) (> ="

and A< ”THL(H) )
where C,, = 321og?(6/7).

Proof. We split the proof in several steps. Let A, np and £ as in the statement of the
theorem.
Step 1: Given a training set z = (x,y) € Z¢, (24) gives

2
EL = Elfn) = |V = )|,
Recalling the definition of f*, see item iv) of Prop. 1, we split

fo = =02 =)+ (P = fr)
Now (25) and (26) give

= = (Tx+N7g )—((T+A>*1>

= (T+ M) {(92 (T —T)(T+ ) "g}
(Eq. (22)) = (Ge+ M) {(ga - T fH +Tefr = Thr) + (T = T) f1}
= (T + )7 (g2 = Tcfro) + (T + N)7HT = L) = fr0)

where Tx € L(H), g € H and g € H are given by (27), (28) and (23), respectively.
The inequality || fi + f2 + fsl3; < 3(1f1ll3 + [ f2ll7, + |l fs15) implies

(36) Efz] = Elf] < B(AN) + 81(\2) + 852(\, 7))
where A(A) is the residual and

2
Si\2) = |VI(T+ )" (92 = Tt
2
S0 2) = [VI(T+ 0T = T = f)|
Step 2: probabilistic bound on Sa(A,z). Clearly

60 S < VE@en T =10t - poll,
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Step 2.1: probabilistic bound on H\/T(Tx + /\)’1H£(H). Assume that
_ _ 1
(38)  ©(2) = [T+ 0T =Tl gy = |7 =TT+ 3 o < 5

(the second inequality holds since if A, B are selfadjoint operators in £(H), then
[AB|l £ 3y = [(AB)*[l (3¢ = IBAl £(3¢))- Then the Neumann series gives

VT(Te + N7 = VT(T+ XN — (T =Ty )(T+ )~
+oo
= VT(T+)"D (T -T)T+1H)"
n=0
so that
+oo
-1 —1 —1||"
[VE@ e = VE@ N7 ST =TT+ 0
1
< VTN, an <2 |VTaen
- H\F( ) ) 1 =0\ z) — f( ) L(H)
The spectral theorem ensures that H\/T(T + )71 HE(H) < ﬁ so that
1
39 Hx/f Tx+/\*1H < —.
(39) ( L (Y 7

We claim that (35) implies (38) with probability greater than 1 — 5. To this aim
we apply Prop. 2 to the random variable & : X — Lo(H)

&i(2) = (T+N) ',

so that
L
1
E[&] = (T+AN)7"!T  and 7 D &iwi) = (T+\) T
=1
Moreover (13) and (T + /\)_1H£(H) < & imply

— K L1
1€l 2y < T+ 07l oy 1 Tell a0 < 5 = 5

Condition (13) ensures that T} is of trace class and the inequality
(40) Tr(AB) < [|All g3y T B

(A positive bounded operator, B positive trace class operator) implies

Efle ]2, 0] = /X T (1, (T + 27214 ) dpx (@)
=< /X I T2 22y Tr (T + X)7°Te) dpx ()
((13)) < wTe((T+N)7?T)
= kTr ((T+>\)*1 ((T+)\)*%T(T+)\)*%>)
((40)) < K[(T+N o T (T +2)7'T)
< ;MA):U%.
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by definition of effective dimension N(A). Hence (33) of Prop. 2 holds and (32)
gives

1T+ 07 B = T ) < 2108(6/) (ij: + %A))

with probability greater than 1 — /3. Since log(6/n) > 1 and the spectral decom-
position of T" gives

T
oy s Meon

1
— AT
Ml +a -2 1= oo

if (35) holds, then

gl W(i;* m\){éM) oo (6/)7\72%;]\/( ), \/log (6/}1\72&./\[()\)

IN

<

| =
=

L +
16
so that

(41) O\ 2) < ||(T + 3~} (T, L

T)HLQ(H) = 9

with probability greater than 1 — /3.
Step 2.2: probabilistic bound on H (T —T)(f* — fn)
to the random variable & : X — H

&a(x) = To(f* — fr)

HL(H). Now we apply Prop. 2

so that
E[éo) = T(f* = fn) 7 Zfz z;) = Tu(f* = fr)-

Bound (13) and the definition of B(X) give

L
€@l < 1Tl 1 = Faelly, < /BO) = 2.

Since T, is a positive operator

(42) (Tofs Py < 1 Tll iy UF Pl fEH,
so that

Blleld = [ (T - o Tz%(fA—fH)>H dox ()

< /”T ”L(H) fH)’f)\*fH>H dpx (x)
((13) < (T~ f), fA f),s

- “Hﬁ taa,

= rA(A )—027

by definition of A(\). So (33) holds and (32) gives

(43) =B ~ Froll,, < 210s(6/n) <2R%@+\/HA¢W>~
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with probability greater than 1 —7/3. Replacing (39), (43) in (37), if (35) holds, it
follows

(44) S2(\2) < 810g%(6/n) (

4k2B(N) - kAN
Zx T )

with probability greater than 1 — 2n/3.

Step 3: probabilistic bound on S1(A, z). Clearly

@) S0 < VEE AN @+ @0 =T

Step 3.1: bound on H\/T(Tx +N)HT + Nz Lo Since

V(T + )7 T+ 02 = VI + 0 H 1= (T4 )3T - T(T + /\)*%}_1 ,

reasoning as in Step 2.1, it follows

-1
H —(T+ N HT =TT +2)H} <2
L(H)

provided that

1 1
46 |+t -no@+n | <.
(46) T+ F@ =TT+ <
Moreover, the spectral theorem ensures that H\/T(T + )\)_% 0 <1so
(47) VI + 2711+ ) <2

L(H)

We will show that (46) holds for the training sets z satisfying (41). Indeed, if
B=(T+\)"2(T —Ty)(T + \) "2, then

IBlZ, 0 = (T—H\_’T T)(T+A)‘1<T—Tx)(T+A)‘%)
= T((T+NHT-T)(T +N"HT - Tx))
= (T+N7(T- T)((T+A)’1(T—Tx))*>£2(,{)
1T+ 2T = Tl H((T+ NTHT - Ty))

_ 2
= [(T+N) 1(T—Tx)||£ )
If (35) holds, then (41) ensures that (46) holds with probability 1 — 2n/3.
Step 3.2: bound on H T+ N~ (gz - Tfo)HH. Let & : Z — H be the random

variable

IN

L2(H)

&(@,y) = (T+N) 2Ky (y — ful2)) .
First of all, (22) gives

El&s] = (T+A)7* (9= Tfu) =0
and (9) implies

J 1w = Fr@I dpfyle) < Gmisarm® v > 2
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(see for example [31]). It follows that

Elllgslln] = / (KT + N Ky — frl@)y = Fr(@))y) ™" dp(a,y)

m/2

[ ez ([ = m@I doolo)) dpxe)

(T + 07 Ky < TUG(T + 0TS )

m!¥2pMm—2
2

( (13) and ||[(T + \)~

(Eq. (42) )

IN

sup [T+ )7 K (1 [ T+ ) Ty dpx ()

IA

Yoo <A71)

IN

;m;zwm-%\/f)m-muﬂ N
1 2 Kym-2
S oAy (M\@

Hence (31) holds with Lz = M /% and o3 = /N (A) and (32) gives that

(g0~ T, < 21086/ ( s B )

with probability greater than 1 —7/3. Replacing (47), (48) in (45)
kM? 2N (N) >

[N

(48) H(T A

2N

(19) S1(07) < 3210g%(6/1) (

with probability greater than 1 — 7.
Replacing bounds (44), (49) in (36),

E[f)] — Efn] < BA(N) + 8log?(6/n) (4“23(” L RAQ) | 4RM?ABEN (A)>

2 12 2 1
and (34) follows by bounding the numerical constants with 32. O

The second step in the proof of the upper bound is the study of the asymptotic
behavior of N'(A), A(X\) and B(A\) when A goes to zero. It is known that

fn, 400 =
fm, 503 =

lim N(\) =

A—0
see, for example, [16] and [13]. However, to state uniform rates of convergence we
need some prior assumptions on the distribution p.

Proposition 3. Let p € P(b,c) with1 <c¢<2 and 1 <b < 400, then

1—c 2
AN < [T ]|

and

1—c 2
s <275



OPTIMAL RATES FOR RLS 19

Moreover if b < 400 (N = +00)

Instead if b = +oo (N < 4+o0)
N(\) < N.
Proof. The results about A(\) and B(\) are standard in the theory of inverse

problems, see, for example, [16],[13] and, in the context of learning, [8].

We study AN(A) under the assumption that N = 400 and ¢, < nﬁb Since the

function — is increasing in t,

t+A
N
_ [T ta g
N(A)_/O tn—i—)\S;ﬁ—i—an

The function ﬁ is positive and decreasing, so

N < T_B

= Jo B+abx
b b L[t
=a’\) = Ab d
(T €z ) /0 ﬁ + Tb T

b 1

< f——X%

S r—

since f0+oo B+10 < %. If N is finite, since H%\ is a decreasing function of A the

thesis follows. O
We are now ready to prove the theorem.

Proof of Th. 1. Let 1 < b < +o0o and 1 < ¢ < 2 as in the statement of the theorem.
For any p € P(b, c), Prop. 3 and Th. 4 imply that, given 0 < 1 < 1, with probability
greater than 1 — 7 it holds

(50)  E[f2] - Elfn) < Oy (R)\C+“2R)‘C_2 L RRATL M 25 )

e ¢ X (b—1)erb
for all £ € N and 0 < A < ||T'|| (5, satisfying
2C, k(b

= bt+1 °

(51) GNP

In the case b = 400 the above formulas hold adopting the formal identities Ab =
bfbl =1and A5 = A
Assume now that b < +oo and ¢ > 1. Given n € (0, 1), let

bet1
20, KkBb -1
> n
b 2 ( b-1) )

(recall that ¢ > 1). Then
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so that, since A\ = K*Tbﬁ,
po 20
(b—1)A;

So for any p € P, bound (50) holds with A = \,. Since # < 1, Aol goes to 400,
so that

Ve 1,

EUN = E[fr] < CoDAC + 71N "8) = 2C, D055 VL >4,

with probability greater than 1 — 7, where D is a constant depending only on Rk,
M, XY 3, b and c.
Let now 7 = 2C,, D and solve this equation for 7, so that

n=mn; =06e Vv D

Hence

Py |E[£2] = Elfr] > Te—bc’%] < V>0,
So that

limsup sup P, [5[f3@] —Elf] > | <y

L—oo peP(b,c)
Since lim; {00 r = lim;, o, 6™V 5D = 0, the thesis follows.
Assume now b < 400 and ¢ = 1. Then

2C, kb 2C,k(bL

(b— 1))\/%1 ~(b—1)logt’

so there is £, such that

0> 2GR s

- bt1 -

b-—1X v
Reasoning as above and taking into account that & goes to zero faster than Ay,
for any p € P the bound (50) gives
EUfN = E[fn] < CuD'NE = CpD' w1 VL > 0,

with probability greater than 1 — 7, where D’ is a constant depending only on R,x,
M, ¥ 3, and b. The thesis now follows reasoning as above.
The proofs for b = +o0o (N < +00) are similar. Moreover in this finite dimensional

case the semi-norms

T75° f H for different values of the parameter ¢ are equiva-

lent. Hence the final rates are not dependent on c.
O

5.3. Minimax lower rate. We assume now that Y is finite dimensional with
d=dimY and N = 400, we fix 1 <b< 400,1 <c<2and M,3, R,a, [ as in the
definition of P(b, c).

To prove the lower bound we follow the ideas of [10]. The main steps are the follow-
ing. First, we define a family of probability distributions py € P(b, ¢) parametrized
by suitable vectors f € H. Then, for all 0 1< € < €y, we construct a finite sequence

of vectors fi,..., fn. such that N, > €€ * and the Kullback-Leibler information

K(ps.,ps;) < Ce i,
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where v and C depend only on P. Finally, we apply a theorem of [10] to obtain
the claimed lower bound.

We recall that the Kullback-Leibler information of two measures p; and ps is defined
by

K(pr.pa) = [ oz o(a) (2

where ¢ is the density of p; with respect to ps, that is, p1(E) = [}, ¢(2) dp2(z) for
all measurable sets E.

In the following, we choose py € P(b,c) and we let v be its marginal measure.
Since pg satisfies Hypothesis 2, the operator T" has the spectral decomposition

(52) T = /XT dv(z Zt ) en,

+oo

where (e,) %5

is an orthonormal sequence in H and, since py € P(b, ¢),
a
n

The proposition below associates to any vector f belonging a suitable subclass of
H, a corresponding probability measure py that belongs to P(b,c). In particular,
ps will have the same marginal distribution v, so that the corresponding operator
T,, defined by (14) with px = (ps)x, is in fact given by (52).

Proposition 4. Let (vj)?zl be a basis of Y. Given f € H such that f = T% g
for some g € M, |gll* < R, let py(z,y) = v(@)ps(ylz) where

d
pr(0l) = i | S~ U Kty )y, + (L4 (T Kty -ana,

j=1

with L = 4V k°R and 5yidij s the Dirac measure on 'Y at point FdLv;. Then
py is a probability measure with marginal distribution (ps)x = v and regression
function f,. = f € H. Moreover, py € P(b,c) provided that

(53) min(M, ¥) > 2(4d + 1)V k°R.

Moreover, if f' € H such that f' = T“T ¢ for some ¢ € H, lgll® < R, then the
Kullback-Leibler information K(py, pf/) fulfills the inequality

(54) K(pg,pp) < 15dL2 H\ff 1

Proof. The definition of f, (11) and (13) imply

e=1 c L
(55) [ Kot | |77 1Kl oy < REVE = 7.

It follows that py(y|z) is a probability measure on ¥ and
[ vdostuia) = U Koy = K2 = fla).
J

So that py is a probability measure on Z, the marginal distribution is v and the
regression function f,, = f € H. In particular condition (8) holds with fx = f
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and items ii) and iii) of Def. 1 are satisfied.
Clearly, (7) is satisfied since p¢(y|z) has finite support. Moreover, (53) ensures

ly = f@)lly <llylly + 1K flly <AL+ ViR = (4d+ 1)VAR < M

and

Ellly - f(2)|}]

e Z K0y )(dL + (£, Kvj)y,)°

H(L A+ (f, Kov)y ) (AL — (f, Kyvj)5)* + (1 - é) 1 @)I15
((55)) < ZLZ +(1— é)HCR < 4(4d + 1)K°R < X%

so that (9) is satisfied.
The proof of (54) is the same as Lemma 3.2 of [10]. We only sketch the main

steps. If ¢ = d— , clearly

L+ <f7 Kv >
y Balj)qy

<f_ f/aK$Uj>
og (1 TIE <f',szj>Z>
<f - flaKIvj>H
= LA Ky

so that

, Kpv
Kpy,pp) < QdLZ/ (L+f )2 (L4 (f, Kavj)yy) +

x”ﬁ>
<_f+f 7vaj>
= ([, Kavj)y

((f = F', Kavj)y )?
- dZ/ 1= ([, Kavy)y 2 )
1 ) , 16
(65)) < @_Z | =) g avta)

= 15dL2/H (f = £ dviz)

S RSO Ee

16 p y
= m@(f—f)af—f%{

(L (. K)o

O

Proposition 5. There is an €y > 0 such that for all 0 < € < €, there exist N, € N
and f1,..., fn. € H (depending on €) satisfying

i) foralli=1,...,N,, f; = T= g; for some g; € H with ||gl|\$1 <R;
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i) foralli,j=1,...,N,
(56) €< Hx/T(fi - fj)Hi < de;
iii) there is a constant vy depending only on R and « such that

_1
(57) N, > e ™.

Proof. Let m € N such that m > 16 and o1,...,05 € {1,—1}™ given by Prop. 6
so that

(58) (o —0})?
n=1

(59) N

In the following we will choose m as a function of € is such a way that the statement
of the proposition will be true.
Given € > 0, for all e = 1,..., N, let

m c
_ E / n
gi = mte 0; €n,
n=1 n

(see (52)). Since t,n® > a, then

Y%
3

AV

9]
N
N

€ € nt\“

2 be
gill2, = E < — E — | <C

” ZH = mis, mn_1<a> e

where here and in the following C' is a constant depending only on R, o b and c.
Hence ||g;||* < R provided that

mbc < E
- C
and we let m = m. € N be
(60) m=|Ce |

for a suitable constant C’ > 0 (where |x] is the greatest integer less or equal than
z.) Clearly, since m, goes to +oo if € goes to 0, there is €y such that m. > 16 for
all € < €.

Let now f; = T%gi, as in the statement of the theorem, then

|VE = 5[, = I~ 0l = i (o7 — o).

The conditions (58) and (07 — o) < 4 imply
2
‘ < 4e

€< H\/T(fi_fj) "

and (59) and (60) ensure

1
bc

5

|

N, >e2t > e7¢

for a suitable constant v > 0. |

The proof of the above proposition relies on the following result regarding packing
numbers over sets of binary strings.
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Proposition 6. For every m > 16 there exist N € N and 01,...,0n8 € {—1,+1}™
such that

Z(Jffa?f > m i#,j5=1,...N
n=1

Nze%

1 ) and o; = (o} my,

m
ey O YRR

where o; = (o, g

Proof. We regard the vectors o € {—1,+1}™ as a set of m i.i.d. binary random
variables distributed according to the uniform distribution 1/2(6_1 + d4+1)

Let o and ¢’ be two independent random vectors in {—1,+1}™, then the real
random variable

d(o,0') = i(o? —o})? = i@n
n=1 n=1

where 60,, are independent random variables distributed according to the measure
1/2(60+d4). The expectation value d(o, ¢’) is 2m and Hoeffding inequality ensures
that for every > 0

2
Plld(o,0") = 2m| > 4] < 2eXp(—§7m).

Setting § = m in the inequality above, we obtain
(61) P[d(s,0’) < m] < Zexp(—%).

Now draw N := [e?7] (where [z] is the lowest integer greater than x) independent
random points o; (i =1,---, N).
From inequality (61), by union bound it holds

P31<14,j <N, i#j, withd(o;,0;) <m]

m -
< (N2fN)exp(*§) < (]Xf—lj;; - (N]jl)Q

<1,

since the definition of N and the assumption m > 16 imply that (N —1)? > N and
(N—1)3 < exp % It follows that there exists at least a sequence (o1, ...,0n) such
that d(oy,05) > m for all i # j and N > exp . O

The following theorem is a restatement of Th. 3.1 of [10] in our setting.

Theorem 5. Assume (53) and consider an arbitrary learning algorithm
z+— fL e H, for{ €N and z € Z°. Then for all € < ey and for all £ € N there is a
p« € P(b,c) such that f,, € H and it holds

*

Vs minf—e & /N i
Pzwpﬁ [gp* [ff] - gp* [fp*] > Z} > mm{N: n 1,77 ]\/'6 e~ Tsdr R}

_ 1
where N* = e ™ and 7j = e 3/¢.
Proof. The proof is the same as in [10]. Given € < €, let N, and fi,..., fn. as
in Prop. 5. According to Prop. 4, let p; = py,. Assumption (53) ensures that
pi € P(b, C).
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Observe that, since all the measures p; have the same marginal distribution v and

f'H = fp-; = f’L
Enlf] = Enlly] = |VI( = £)

Given £ € N, let

o @ = @I o).

2
Ai=fze2'| VI -5)|| <3

for all i =1,..., N.. The lower bound of (56) ensures that A; N A; =0 if i # j, so
that Lemma 3.3 of [10] ensures that there is p, = p;, such that either

po= P 4] > o 2 g
(since 75 is an increasing function and (57) holds) or, replacing the upper bound
of (56), in Eq. 3.12 of [10]
e > —logp. + log(\/ﬁ) _3 > —logp. +log(v/N¥) — 3
15dk¢R — e~ € e
since (57). Solving for p*, the thesis follows. O

The proof of Th. 2 is now an easy consequence of the above theorem.

Proof of Th. 2. . Since whenever a minimax lower rate holds over a prior it holds
a fortiori over a superset of it, without loss of generality we can assume

min(M, ¥)
~ 2(4d + 1)Vke’
hence enforcing condition (53).
Given 7 > 0, for all £ € N, let ¢, = 70755, Since €¢ goes to 0 when ¢ goes to

400, for ¢ large enough €; < ¢y, so Th. 5 applies ensuring

*

. T _ _be_ . N; _ -+ BerT
inf sup P, |E[fL] = E[fu] > —=¢ bc+1] > min{ L jelCim be—Camtieriy
e peploe) V2 Nz +1

s

where C, Cy are positive constants independent of 7 and £. If £ goes to oo, =7

€e
goes to 1, whereas, if 7 is small enough, the quantity Cyr= b6 — Cor is positive, so
that

T be
lim liminfinf sup P, [E fze —E[fy] > —=4"rHT | =1.
T7—0 f——+oo fo pE’P(b,C) P [ } [ ] \/i

O

5.4. Individual lower rate. The proof of Th. 3 is based on the similar result in
[17], see Th. 3.3. Here that result is adapted to the general RKHS setting.

First of all we recall the following proposition, whose proof can be found in [17]
(lemma 3.2 pg.38).

Proposition 7. Letg € R and s a {41, —1}-valued random variable with P [s = +1] =
P[s = —1] = 1/2. Moreover let n = (n;)¢_, be £ independent random variables dis-
tributed according to the Gaussian with zero mean and variance o2, independent of

s. Set

y =sg+n,
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then the error probability of the Bayes decision for s based on'y is

. el
m P[D — p(— 18l
DR (11, 1) [Dy) # 5] ( o )

where @ is the standard normal distribution function.

Proof of Th. 8. Let us reason for a fixed B > b, and let € :== (B — b)c > 0.

We first define the subset P’ of P(b, ¢), then prove the lower rate on this subset. As
in the proof of the minimax lower rate, we fix an arbitrary py € P(b,c) and let v
be its marginal measure. For every sequence s = (s, )nen € {41, —1}*°, we define
a corresponding function in H

+oo +oo
m(s) = Z Sn \/ t’r_Ll’ynen = Z Sndn-
n=1 n=1

where

—_ 6 -
=1 (bc+6+1)6—|—71aCR7 Gn = mam

where we recall that (¢,)nen and (e, )nen are the eigenvalues and eigenvectors of
the operator T' defined by (52).

We define P’ be the set of probability measures p which fulfill the following two
conditions

e the marginal distribution px is equal to v,
e thereiss € {41, -1} such that, for all z € X, the conditional distribution
of y given x

plylz) = N(m® (z),0%1d),

that is, the multivariate normal distribution on Y with mean m(®)(z) and
diagonal covariance 02Id with

s . [ M? %
0% = min | —, — ,
2 454 Jo e Ezdt

and S¢ is the volume of the surface of the d-dimensional unit radius sphere.

It is simple to check that P’ C P(b, c). Indeed, clearly f, = fx = m®) and

HT—%m@)

2 X (e, S0\ g€
= Nyt —(+9_° p
P ;(n”tn) e

TR T (4o €
< —0+9_¢ po =+ g 41 R=R
<>on et 1 —(/1 + )e+1 ’

n=1
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where we used the lower bound (17). Moreover, N(0,0? Id) fulfills the moment
condition (9) in Hypothesis 2. Indeed,

/Y (euy%(z)ly B ||2/—J;\7}($)||y N 1) oyl)

_ oyt qa [T =z —22 41
= (2m0°)7 28 e — o7 1)e 22247 dz
0

+oo 2
:77*%‘5%/ d1z <\[2’0> ds
0

20 Foo V2o 2 02
< Wﬂ' -5 5d M e 2y < .
0

We now are left with proving the lower bound on the reduced set P’ by showing
the inequality

> 0.

(s)
(62) inf sup hmsup ~pt (€ [fZ] Em™])
{fe}een peP’ t—+o00 — Bc+1

Since (en)nen is an orthonormal sequence in H, then for any s it holds

63) - O] = VI - m®)||) = S (cam = )10

n=1

[t
Czn = ,77:1 <fz£76n>H

Now let ¢, be 1if ¢;,, > 0 and -1 otherwise. Because of the straightforward
inequality

(64) 2|Cz,n - snl 2 ‘EZJ’L - 8n|7

with

from (63) we get

+
8

1,
[fe] [ S)] > Z(Cz,n - Sn)27n
n=1
+oo
= Zf{ez,nyésn}’yn > Z Lz, 25, Tns
n=1 n€Dy

where the set Dy is defined by
Dy :={n € N| lv, <1}
Note that due to (64) and defining the quantity
(65) RE(S) = Z ]P)z~pe [EZ,H # Sn]Vn < Z Tns
neDy neDy

from (62) we are led to prove the inequality

Ry(s)

66 inf sup  limsup 52
( ) {feleense{+1,—1}%° t—foc {~ Betl

> 0.

This result is achieved considering a suitable probability measure over the set
{+1,—1}* (and hence over P’ itself), and proving that the inequality above holds
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true not just for the worst s, but also on average. Then let us introduce the sequence
S = (S;)ien of independent {+1, —1}-valued random variables with

1

The plan is first showing that (66) is a consequence of the inequality

(67) ERy(S)>C Y v, C >0,
neDy

and subsequently proving that indeed (67) is true for some C' > 0.
Defining the constants u := Z7a°R and v := ﬁu_ B]fil, the definition of =,

gives
(68) Z Yn = Z un—(be14e)
"L > (uby TR

+oo
/ tf(bc+1+e)dt _ 671
(

1
wl) beFIFe

>

1 Be Be Be
—(uf) BetT — ¢ > = (ul) " BerT = pf  Beil
Bo) T v ’

where the last inequality holds for all £ > 2Bc(2Bcu)Be.
Then using inequalities (67) and (68) we get
Ry(s)

inf  sup  limsup o
fe se{+1,-1}> f—+oo {7 BetT

: . Rz(s)
> Cvinf sup lim sup
e se{41,—1}% t—too ER¢(S)
o Ry(S)
> Cvinf Elims
= Y ER ()

fe

. Ry(S) )
> CvinflimsupE
o fe ZAH»oop (ERK(S)
=Cv >0,
where in the last estimate we applied Fatou lemma, recalling that by inequali-
ties (65) and (67) the sequence

R@(S)
]ER@(S)

is uniformly bounded for every s € {+1,—1}°.
As planned we finally proceed proving inequality (67). Recall that by definition

ERZ(S) = Z P [Ez,n # Sn] Ty
neDy

where ¢, ,, can be interpreted as a decision rule for the value of S,, given z. The
least error probability for such a problem is attained by the Bayes decision ¢, j,
which outputs 1 if P[S,, = 1| z] > 1/2 and -1 otherwise, therefore

P [Ez,n 7é Sn] > P [Ez,n 7& Sn] .
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Since by construction S,, is independent of the X component of the data z, we can
reason conditionally on (z;)¢_,. The dependence of the Y component of z on S,
has the form

y'_m(S)(xz)+nz—Sngn +nz Zskgk -Tz 1= 7"'7€
k#n

with n; independent Y-valued random variables distributed according to the Gauss-
ian NV(0,02 Id). Hence it is clear that also the component of y; perpendicular to
gn(z;) is independent of S,. Consequently the only dependence of z on S, is
determined by the longitudinal components
<y'L? g’n(xl)>

llgn(zi)lly

where n} are real valued random variables distributed according to the Gaussian
N(0,0?%) and

(69) yi =

?

= S llgn(@i)lly + i + hi,

h; = Zsk gk 1’1 gn(xz»Y.
| gn (z )HY

From equation (69) we see that the structure of the data available to the Bayes
rule ¢, ,, for S, is similar to that assumed in Prop. 7, except for the presence of
the term h = (hi)le. However this term is independent of S,,, and it is clear that
Bayes error cannot decrease when such a term is added to the available data, in
fact

D:]R“—I?{i-{-ll,—l} P[D(g+h) #S,] = D:Rfin{ifl,—u EnP[D(g+ h) # S,| h]

>E i P[D(g +h) # S,| h
> By omin PID(g+h)# S| b

=E i P[D(g,h) # S, = i P[D Snl
B0 [D(g,h) # 5] P LT [D(g) # Shl

where the last equality derives from the independence of h on S,, and we let g =

(Hgn(xi)ny)f:r
Hence by Prop. 7

P [Ez,n 7é Sn‘ (xz)z} = D:]R’Z—I?{i—f-ll,—l}]P) [D(g + h) 7& Sn‘ (xl)l}

. S, lgm ()12
> P|D | (T:i)i] =@ =
Z e i PID(E) 7 Sl (@i)i] 2

Moreover since ®(—+/z) is convex, by Jensen’s inequality

> llgn(@a)ly

o2

1 1
>0 (=2 B It} | =0 (<2vE,).
where we used

Ellg(x)|% = /X (g K gn)y () = (Tgns Gu)yy = -

P[Cyn # Sp] > E®
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Thus

neDy

which finally proves inequality (67) with C = ®(— l) and concludes the proof

ER(S)> Y @( im) o
€Dy

O

6. CONCLUSION

We presented an error analysis of the RLS algorithm on RKHS for general
operator-valued kernels. The framework we considered is extremely flexible and
generalizes many settings previously proposed for this type of problems. In par-
ticular the output space need not to be bounded as long as a suitable moment
condition for the output variable is fulfilled, and input spaces which are unbounded
domains are dealt with. An asset of working with operator-valued kernels is the
extension of our analysis to the multi-task learning problem; this kind of result is,
to our knowledge, new.

We also gave a complete asymptotic worst case analysis for the RLS algorithm in
this setting, showing optimality in the minimax sense on a suitable class of priors.
Moreover we extended previous individual lower rate results to our general setting.

Finally we stress the central role played by the effective dimension in our analysis.
It enters in the definition of the priors and in the expression of the non-asymptotic
upper bound given by Theorem 4 in subsection 5.1. However, since the effective
dimension depends on both the kernel and the marginal probability distribution
over the input space, our choice for the regularization parameter depends strongly
on the marginal distribution. This consideration naturally raises the question of
whether the effective dimension could be estimated by unlabelled data, allowing in
this way the regularization parameter to adapt to the actual marginal distribution
in a semi-supervised setting.
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