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Abstract

We develop a PAC-Bayesian bound for the convergence rate of a Bayesian variant of Multiple
Kernel Learning (MKL) that is an estimation method for the sparse additive model. Standard
analyses for MKL require a strong condition on the design analogous to the restricted eigenvalue
condition for the analysis of Lasso and Dantzig selector. In this paper, we apply PAC-Bayesian
technique to show that the Bayesian variant of MKL achieves the optimal convergence rate without
such strong conditions on the design. Basically our approach is a combination of PAC-Bayes
and recently developed theories of non-parametric Gaussian process regressions. Our bound is
developed in a fixed design situation. Our analysis includes the existing result of Gaussian process
as a special case and the proof is much simpler by virtue of PAC-Bayesian technique. We also give
the convergence rate of the Bayesian variant of Group Lasso as a finite dimensional special case.

Keywords: PAC-Bayes, Multiple Kernel Learning, Group Lasso, Gaussian Process, Sparse Learn-
ing, Additive Model

1. Introduction

Sparse additive modeling is a powerful technique for nonparametric regression in high dimensional
data (Ravikumar et al., 2009; Raskutti et al., 2012; Hastie and Tibshirani, 1999). In the past decade,
a great amount of studies have been devoted to sparse statistical models. Sparsity gives a nice in-
terpretation of the estimated results and enables statisticians to develop methodologies that yield
reasonable performances even for high dimensional data. Although a linear high dimensional mod-
eling has attracted much attentions, there has been also attempts to develop a nonparametric method
to achieve more flexible data analysis in high dimensional data. One possible way is to just fit a
nonparametric function f(x) to the full input space, but that suffers the curse of dimensionality. To
avoid this problem, sparse additive model splits the input data x into M subsets (1:(1), o aM ))
and fits the sum of functions f,,,(z(™) to the data, y = 2%21 fim (™) + ¢, and imposes a spar-
sity on the set of functions {f,,}M_,, that is, only a few components { f, }:ne, are meaningful
and other components are zero or negligibly small. This is more restrictive than the direct nonpara-
metric fitting using the full input space, but the result is more interpretable and, more importantly,
over-fitting can be avoided. One sophisticated approach to estimate the sparse additive model is
Multiple Kernel Learning (MKL, Lanckriet et al. (2004)). MKL was first developed as a method
to “learn a kernel”, but afterward Bach et al. (2004) pointed out that MKL can be interpreted as a
method to learn a sparse additive model. MKL approximates each component f,,, by an element
of Reproducing Kernel Hilbert Space (RKHS), and imposes L1-mixed-norm regularization to yield
sparsity.
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Our main interest in this paper is to theoretically investigate a Bayesian variant of MKL that
is a mixture of Bayesian sparse learning and Gaussian process estimation. The Gaussian process
modeling is a Bayesian alternation of the kernel-based learning (Gibbs, 1997; Seeger, 2004; Ras-
mussen and Williams, 2006). That has shown nice performances as a non-parametric regression
and classification method. It is a natural strategy to apply the Gaussian process modeling to sparse
additive model where each component f;,, is estimated by the Gaussian process method. Indeed,
Gaussian process formulations of the multiple kernel learning framework have been proposed by
some authors (Archambeau and Bach, 2010; Tomioka and Suzuki, 2010). In this paper, we analyze
a rather different method from those existing ones.

Our theoretical framework is based on the PAC-Bayesian technique (McAllester, 1998, 1999;
Catoni, 2004). The first PAC-Bayesian bound proposed by McAllester (1998, 1999) was a data-
dependent empirical inequality for Bayesian estimators. Afterward Catoni (2004) proposed to uti-
lize the PAC-Bayesian technique to establish sharp oracle inequalities. Recently it has been shown
that the PAC-Bayesian technique is quite useful to investigate the statistical convergence rates of
Bayesian sparse learning methods. One remarkable insights obtained by PAC-Bayesian bounds
for Bayesian sparse learning methods is that no assumption on the condition of design is needed
(Dalalyan and Tsybakov, 2008; Alquier and Lounici, 2011; Rigollet and Tsybakov, 2011b). In the
theoretical analysis of regularized empirical risk minimization methods such as Lasso and Dantzig
selector, we usually assume a strict condition on the design such as restricted eigenvalue condition
(see Bickel et al. (2009) and the references therein). On the other hand, through the PAC-Bayesian
technique, it has been shown that Bayesian sparse estimation methods achieve the optimal learning
rate without such a strong condition.

As for theories of Gaussian process modeling, substantial developments have been made re-
cently (van der Vaart and van Zanten, 2008a,b, 2011). van der Vaart and van Zanten (2011) in-
vestigated the convergence rate of Gaussian process estimators, and discussed how the estimator
behaves according to the geometric relation between the true function and the RKHS corresponding
to the Gaussian process prior. Our concern is that they investigated only restricted situations such
as Sobolev and Holder classes.

In this paper, we theoretically investigate a Bayesian variant of MKL, called Bayesian-MKL,
where each component f,, is modeled by a Gaussian process prior. Our contributions are (i) to
develop a PAC-Bayesian bound for Gaussian process regressions, and (ii) to derive the convergence
rate of Bayesian-MKL in sparse additive model. More detailed description of our contribution is as
follows.

(1) We develop a new PAC-Bayesian oracle inequality for Gaussian process regressions in fixed
design situations. Thanks to the PAC-Bayesian technique, we obtain a simple proof of the
convergence rate. In our analysis, we relax the normality on the noise unlike the existing
researches. Moreover our PAC-Bayesian technique enables us to analyze general classes of
model spaces utilizing the notion of interpolation spaces and the metric entropy, while the
existing researches are based on the properties specialized to Sobolev and Holder classes.
Moreover, we show that, by putting a prior on the scale of Gaussian process, the estimator
possesses adaptivity for the smoothness of the true function in a similar spirit to van der Vaart
and van Zanten (2009).

(i) The convergence rate of Bayesian-MKL is established. Thanks to PAC-Bayesian technique,
our convergence analysis does not require any conditions on the design analogous to the re-
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stricted eigenvalue condition, while conventional convergence analyses of MKL required that
kind of strong assumptions those are sometimes unrealistic (Meier et al., 2009; Koltchinskii
and Yuan, 2010; Raskutti et al., 2012; Suzuki and Sugiyama, 2012). Moreover our analysis
covers the situations where the true function is not contained in the corresponding RKHS.

2. Preliminary
Here we formulate the problem setting and introduce the Bayesian variant of MKL.

2.1. Problem Settings

Suppose we are given n sample input-output pairs {(x;, y;)}~, generated from the following re-
gression model:

yi = fO(zi) + &, (i=1,...,n),

where {z;}"_; are given non-random elements! of a set X, {¢;}7, are i.i.d. zero-mean random
variables, and f© is the unknown true function satisfying f°(X) = E[Y|X].

In this article, we consider the situation where X is decomposed into M spaces X = X X - -+ X
Xy and f© is well approximated by a function f* that can be decomposed into M functions each
of which is defined on X,,, (m = 1,..., M), ie., f*(z) = Z%Zl £ (™) where £ : X, — R
and x = (1‘(1), e ,a:(M)) € X x --- x X)y. Basically we suppose that f* is “sparse” in a sense
that the number of non-zero components Iy := {m | f,5, # 0} is small compared with M. We want
to estimate the function f° so that the empirical Lo-norm is minimized:

1F = £oU7 o= 5 00y (f () — fo ()%

We also define the inner product with respect to the empirical Lo-norm as (f,g), :=
%Z?:l f(zi)g(z;). Our strategy is a Bayesian approach where a Gaussian process prior is em-
ployed for each component f,' . To estimate a sparse model, we put a prior of exponential weight on
the number of components to be used. Let f = (f1, ..., far) be a concatenation of continuous func-
tions f1, ..., fyr each of which is defined on X, then we consider the following prior distribution
on the product space df = (dfy,...,dfu):

nan= 3w H/ I RCIACRCIEY | EICTANNN

JeP({1,...M}) meJ A m¢J

where P({1,...,M}) is the set of all subsets of {1,..., M} and do(df,,) is the Dirac measure
having all its mass at f,,, = 0; {7} JeP({1,...,M}) 1s the exponential weight prior on the model that

is given as, for a fixed ¢ € (0,1),
¢l <M) -1
T = 35 )
PIYCANDS

forall J € P({1,..., M}) (this choice of 7 is suggested by Alquier and Lounici (2011)); G(d\,,)
is the exponential distribution, G(d\,,) = exp(—A,,)d A, that is a conjugate prior for the scale of
Gaussian process priors; GP,,,(df|\,,) is the Gaussian process prior with scale \,, that will be
defined in the successive subsection.

1. In this paper, we deal with a fixed design situation, i.e., {x; };—, are fixed and non-random.
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2.2. Gaussian Process Prior and Corresponding RKHS

We put a zero-mean Gaussian process prior GP,,, with a kernel &, to estimate the function f,;, on the
m-th space X,,. A zero-mean Gaussian process W = (W, : x € &,;,) on the input space X,,, is a set
of random variable W, indexed by X, and defined on a common probability space (2, Uy, Ppy)
such that each finite subset (Wy,,...,Ws,) (j = 1,2,...) possesses a zero-mean multivariate
normal distribution. We assume that every sample path is bounded sup,cy, |[Wz| < oo, which
induces a map W : Q,,, — Loo(AX),). Moreover we assume that the map W : Q,,, — Loo(X)) is
tight and Borel measurable, that is true if there exits a semi-metric p,, on X, such that (X, pm)
is totally bounded and almost all paths x — W, are uniformly p-continuous (see Section 1.5 of
van der Vaart and Wellner (1996) for the characterization of measurability and tightness). The
kernel function k,, : X, X X,;, — R corresponding to GP,, is the covariance function defined by

km(x, ") == E[W,W,].

The kernel function completely determines the finite dimensional distribution of the process. Cor-
responding to the kernel function k,,, we can define the reproducing kernel Hilbert space (RKHS)
H,. as a completion of the linear space spanned by all functions

Z > Zle aikm(zi,2), (a1,...,a; €R, z1,...,21 € Xy, I €N),

relative to the RKHS norm || - ||%,, induced by the inner product

<ZiI:1 Oéikm(zia ')7 Ej:l O(}k‘m(Z;, )> = Zz’lzl Z;'le O‘ia;]fm(fzia Z;) (2)

For each element f of H,,, the “function value” at the point x € A, can be recovered by the
following reproducing formula:

Hm

f@) = (f km ()3,
One can show that this reproducing formula is well defined through the completion operation, and
compatible with the definition of the inner product Eq. (2). More detailed discussions about the
definition of the RKHS attached with the Gaussian process can be found in van der Vaart and van
Zanten (2008b).

It is known that the RKHS H,, is usually much “smaller” than the support of the Gaussian
process in an infinite dimensional setting. In fact, typically the prior has probability mass 0 on
the infinite dimensional RKHS 7#,,,. That leads to the fact that, under the assumption f;;, € Hp,
estimating the function f;, through the standard Bayesian procedure with Gaussian process prior
never achieves the optimal rate in some important examples (van der Vaart and van Zanten, 2011).
To overcome this issue, we scale the process by the factor of )\, and make the estimator close to the
small space H.,,. The Gaussian process prior GP,, (:|\,,) with the scale parameter A, is the process
with the kernel function l;:m Am = Kkm/Am. Let H,p, ., be the RKHS corresponding to l;:m \,,- Then
f € " can be embedded in H,, ,,, and we have

This indicates that with large A, the prior GP,,(:|\;,,) imposes a strong regularization, and hence
the Bayesian estimator associated with GP,,(-|\,;,) is forced to be concentrated around #,,. To
choose the scale parameter )\, optimally, we put a prior distribution of the exponential distribution
G(d\y,) for Ay, that is conjugate for the scale of Gaussian process priors.
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Example 1 (Matérn Priors) An important class of Gaussian process priors for smooth functions,
such as elements in Sobolev class, is the Matérn priors. Suppose that X,,, = |0, 1]d. The Matérn
priors on X, correspond to the kernel function defined as

km(z,z’):/ eiST(Z_Z,)w(s)ds
Rd

where 1(s) is the spectral density given by 1 (s) = (1+|s]|2)~(@*%2) for a smoothness parameter
a > 0. It is known that the RKHS H.,, corresponding to the Matérn prior is contained in the Sobolev
space (Wotd/2 0,1]9) of order a + d/2. Moreover, the Bayesian estimator with the Matérn prior

yields the optimal rates n “mtd to estimate a function 7, in C*[0,1]2 N W*[0,1]? of smoothness
order o (van der Vaart and van Zanten, 2011)*. Note that, although f;, € C[0,1]¢ n W20, 1]¢
is not necessarily contained in W+4/ 2[0, l]d (thus is not contained in H.,,), the optimal rate is
achieved. That means the support of the Matérn prior is much larger than H,,. On the other hand,
if i € Hm, the optimal rate is never achieved with fixed scale A\, (van der Vaart and van Zanten,
2011).

2.3. Bayesian Multiple Kernel Learning

Based on the prior introduced in Eq. (1), we construct the “posterior distribution” and the corre-
sponding Bayesian estimator. Let D,, := (yi,...,y,). For some constant 5 > 0, the posterior
probability measure is given as

exp(—= 31y (05 = Sy fn(2:))?/B)
Jexp(= 321 (yi — quf\n/[:1 S (:))2/B)I(df)

for f = (f1,...,fam). Corresponding to the posterior, we have the Bayesian estimator f, say
Bayesian-MKL estimator, as the expectation of the posterior:

. M
f= |3 altias|D,)
m=1

In this paper, we do not pursue the computational aspects of Bayesian-MKL. The Bayesian-MKL
estimator is quite computation demanding because it requires summation over all subsets of the
index set. However one can utilize an efficient MCMC type method (Marin and Robert, 2007) for
this kind of mixture models. In fact, Green (1995) suggested Reversible Jump MCMC method to
compute the posterior distribution that possesses mass on several models of different dimensions,
and, in the PAC-Bayesian contexts, Dalalyan and Tsybakov (2011) and Alquier and Biau (2011)
investigated practical implementations of MCMC for sparse estimation problems.

I(df|Dn) :=

1(df),

3. Noise Assumption and PAC-Bayesian Bound

Here we give an assumption on the noise &; to obtain a PAC-Bayesian bound. There are a lot of
choices of noise conditions to establish PAC-Bayesian bounds. Here we employ a condition with

2. C?[o, 1]d denotes the Holder space of smoothness order « (see Section 2.7.1 of van der Vaart and Wellner (1996)
for the definition).
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which we can utilize an extension of Stein’s identity. Now define a function

me(z) = —ElG1{& < 2}] = — [ _ydFe(y) = [ ydFe(y),

where F¢(z) = P(§1 < z) is the cumulative distribution function of the noise, and 1{-} is the
indicator function. Since E[£;] = 0, one can check that m¢(2) is non-negative and achieves its
maximum at 0: max,egr mg(2) = me(0) = E[|£1]]/2. Then we impose the following assumption
on the noise &.

Assumption 1 E[¢}] < oo and the measure mg(z)dz is absolutely continuous with respect to the
density function ng(z) with a bounded Radon-Nikodym derivative, i.e., there exists a bounded
function g¢ : R — Ry such that

[P me(2)dz = [? ge(2)dFe(2), Va,beR.

This characterization of noise gives an extension of the Gaussian noise. Indeed the following exam-
ples satisfy the assumption:

e If & obeys the Gaussian NV (0, 02), then g¢(z) = 02,
e If & obeys the uniform distribution on [—a, a], then g¢(2) = max(a® — 22,0)/2.

Under Assumption 1, Theorem 1 of Dalalyan and Tsybakov (2008) gives the following PAC-
Bayesian bound. For a probability measure p that is absolutely continuous with respect to I, let
K(p, II) be the KL-divergence between p and IL, K(p,II) := [ log(g—ﬁ(f))dp(f).

Theorem 1 Suppose Assumption 1 is satisfied and > 4||g¢||oc. Then for all probability measure
p that is absolutely continuous with respect to 11, we have

B [I16 = £212) < [ 15 = Flltp(r) + 221 3

n

In the following, we assume that /3 is chosen so that 5 > 4||ge || is satisfied.

Remark 2 If we restrict ourselves to Gaussian noise settings, we obtain a different type of bound
such that

n

P [/ If — FOIRATI(f Yin) > C (/ 1f = folRap(s) + 22D & w“”)] >1-c,

where exponential tail probability is given and the posterior expectation in the quantity [ ||f —
fOAH%dH(f]YLn) is taken outside the Lay-norm || - — f°||? instead of “plugging-in” the estimator as
I.f — f°||?. However we don’t go to this direction. Instead, we deal with a more general class of
noise.
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4. Main Results

In this section, we give our main results. The convergence rate of Gaussian process estimators is
determined by how the prior distribution concentrates around the true function. The quantitative
evaluation of the mass around the true function is given by the following concentration function
(van der Vaart and van Zanten, 2011, 2008a):

O (€ Am) inf (Il V1) ~10gGPu({f  [fle < HAn), @)

 heHuillh—f e Se

where a VV b := max(a, b). It can be shown that ¢§e?;)(e, Am) equals —log GP,({f : |, — flloo <
€}|Am) up to constants (van der Vaart and van Zanten, 2008b). The second term — log GP,,,({f :
I fllco < €}|Am) measures the small ball probability around the origin. There are large amount of
studies for the small probability of Gaussian process measures; see, for example, Kuelbs and Li
(1993) and Li and Shao (2001). The first term measures how the small ball probability decreases by
shifting the center of the small ball away from the origin.

4.1. General Results

Let Iy := {m € Iy | f* ¢ Hm}, and k := ¢(1 — ¢). The following theorem gives the general
theoretical tool to derive the convergence rate of Bayesian-MKL.

Theorem 3 (Convergence rate of Bayesian-MKL) There exists a constant C depending on only
B such that the convergence rate of Bayesian-MKL is bounded as

By afon |1 = £O3] <2000 = £712

_ 1 (m Am log(A\p)
C £ 2 - (*) m )\m _ 2N 07 mE€m/
+ 1€m}){lm>0{ ; <€m + nd)fm (€my Am) + n . + Zej EmE
m 0 m,m 0:

m#m/

+ Blo| log ( Me ) . ®)

n k| 1o

The complete proof is placed in Appendix A. Because of the term Zm’m, clyimetm! EmEm/s the

qualitative behavior of the convergence rate differs depending on how large Iy is. To see this, we
consider the following two extreme situations:

e (Correctly specified situation) f, € H,, (Ym=1,...,M),ie., Iy = 0,
e (Misspecified situation) £ & H,, (Ym=1,...,M),ie., Iy = Io.

Roughly speaking, the term inf,, x>0 (57271 + %qbgff)(ﬁm, Am) + 2o — M) gives the conver-

n n
gence rate of Gaussian process estimators for the single kernel learning, say é2,. For simplicity,
suppose €2, is independent of m (denote it by ¢2), and assume f© = f*. Then, in the correctly
specified situation, the convergence rate can be evaluated as

By [17 = 712] = 0 [iuie+ Lohiog (A1),

n k| Io|
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This formulation is identical to well-known minimax optimal learning rate (Raskutti et al., 2012),
that is, if ¢ yields the minimax optimal rate for the single kernel learning (that is typically true),
then Bayesian-MKL is also minimax optimal in the MKL setting. Importantly, the theorem does
not require any condition on the design such as the restricted eigenvalue condition (Koltchinskii
and Yuan, 2010) or the incoherence assumption (Meier et al., 2009). On the other hand, in the
misspecified situation, the rate becomes

N o R |Io| Me
EYI:n‘an |:Hf - f ”72{| = O |:|IO‘2€2 —+ 7 log H|IQ| .

Note that dependency of the rate on |Iy| differs according to the situation. This discrepancy is
induced by the fact that the cross terms (f;;, — fin, fir, — fm')n in the expansion || 3" - (fy, —

Fa)ll% = 2omery 1= Il 43 m v ryimstont (Fin = Fims Jops = fin ) are not negligible because of
the bias (f;;, ¢ Hm). If the “design” is well-conditioned (|| 3, 7 (fm = fo )2 < C ey 1 fm—
f2 |12 for all f,,, on the support of the prior), then the cross terms can be omitted and the first term
|I0|?€2 in the bound is replaced with |Io|é2.

Note that the second term % log ( ,ﬁsl ) is better by an amount of % log(|Ip|) than that of the

ever shown rate of the risk minimization type MKL where the corresponding term is % log (M).

4.2. Convergence Rates on Several Classes

Here we give convergence rates of Bayesian-MKL on several important examples.

4.2.1. MATERN PRIORS

Suppose that X;,, = [0, 1]%", and the kernel function associated with GP,,, is the Matérn prior with

the smoothness parameter «,,: The spectral density for k,, is given as 1(s) = W

Then the Gaussian process GP,,, takes its value in C®m [0, 1]%m for any o, < c, while the RKHS
H,n is contained in a Sobolev space Wm+dm/2[0, 1]% with the smoothness o, + dp, /2 (van der
Vaart and van Zanten, 2011).

Correctly specified situation Here suppose that fr € %H, for all m € Iy, and
maxmer, || 54, < R. Then we obtain the following convergence rate.

Theorem 4 (Matérn prior, correctly specified) If f; € H,, and maxper, || fo,llmer, < R fora
constant R, then there exists a constant C| depending on {d,,, tm }mer,, R, B such that

. . N T /) Me
Briatens [1F = FI2] < 2077 = 5718 + €1 3 n™remmremram o+ oliog (06 )

—I10
méelp " KI|IO|

Note that n~ Tram/Gem ] is the optimal rate to estimate f%, € Wom+dm/2[0 1]% in single
kernel learning settings (M = |Iy| = 1). If we don’t put the exponential prior on the scale \,,
(inverse gamma prior on the scale), the Gaussian process estimation never attains the optimal rate
on H,, (van der Vaart and van Zanten, 2011). However our result achieves the optimal rate. This
is because we employed a mixture of Gaussian process priors with various scales that enables the
Bayesian estimator to adaptively fit the appropriate scale.
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Our convergence rate consists of the sum of the optimal learning rates in single kernel settings
ol Me
n k|Io]

that o, = v and d,,, = d (Vm), it has been shown that this rate is optimal (Raskutti et al., 2012) .

and the additional term log ( ) For the situation where all «,,, d,,,s are same, Ja, d such

Misspecified situation In the above, we have assumed that f,;, possesses the smoothness o, +
d,/2. However, one might want to estimate a less smooth function. Here we assume that f\ €
CPm [0, 1]9m N W Bm [0,1]9m where 3,, < u + dy,/2 for all m € Iy. Note that, since £, <
m +dm /2, fy, is not necessarily contained in H,,. Here we denote by || fim|,, |00 the Besov norm
of regularity (,,, measured by L..-Ls norm (see Section 7.32 of Adams and Fournier (2003) for
the definition). Then we obtain the following bound.

Theorem 5 (Matérn prior, misspecified) If max,,cy, || 7, ]3,,j00 < R with some constant R, then
there exists a constant C| depending on { oy, B, dm Ymelo, B, R such that

2
~ * _ Bm IO Me
By [IF ~ P12 <2057 = 12+ 00 d | 30 o |y Holhog ( )

mely E‘IO|

This result improves that of van der Vaart and van Zanten (2011) in the following three points:
e The Gaussianity is not assumed,

e The situation where M > 1 is covered,

_ 2B8m
e When M = 1, our rate achieves the optimal rate n~ 2m+dm for all 5,,, < auy, + d,,/2 while
the rate in van der Vaart and van Zanten (2011) achieves the optimal rate only when o, = B,

The third point is due to the adaptivity induced by the scale mixture prior. Without the scale mixture
prior, the optimal rate can not be achieved whenever «.,, # B, (Castillo, 2008). An interesting
observation here is that the choice of a,, has no influence on the learning rate. In other word,
any fine tuning of parameters is not needed to achieve the optimal rate. We just need to choose
ayy, sufficiently large so that 5, < au, + d;,/2, then the Gaussian process with scale mixture
automatically yields the optimal rate. This kind of adaptivity for the smoothness is also pointed
out in the context of regularized risk minimization procedures in kernel learning (Steinwart et al.,
2009).

4.2.2. KERNELS WITH METRIC ENTROPY OF POLYNOMIAL COMPLEXITY

Here we derive general convergence rate results that are applicable to a general kernel class. We
assume that the kernel is attached with an RKHS the unit ball of which possesses a metric entropy
of polynomial order complexity. More precisely, there exists a real value 0 < s,,, < 1 such that

log N (B, €, || - [loc) = O(e7%m), (©)

where N (B, ¢, d) is the e-covering number of the space B with respect to the metric d (van der Vaart
and Wellner, 1996), and By, is the unit ball of the RKHS H,,. It is known that — log(GP,,,({f :

2sm
Ifllc < €})) = O(e T=sm ) under the metric entropy condition (6) (Kuelbs and Li, 1993; Li
and Shao, 2001). Thus, if we can evaluate the bias infyepy, . jh—sz |o<e |Pll3, , in addition

8.9



SUZUKI

to the evaluation of the small ball probability, we obtain a convergence rate also for misspecified
situations f ¢ H,,. Here we consider two situations; (i) fx, € H,, and (ii) I ¢ H,, as in
previous sections. To derive a convergence rate on an arbitrary augmented space H,, (D H.,) is a
tough problem. However real interpolation of spaces (Bennett and Sharpley, 1988) gives a clear
characterization of the convergence rate. Suppose that we have a couple of Banach spaces X and
X1 such that Xy D X; and X is continuously embedded in X (denoted by X; — Xj). We define
the K -functional as

K(£.0)= inf {11 = fills +t1filx )

forallt > 0 and f € Xo. Then the real interpolation space [Xo, X1]g, with0 < 6 < 1,1 <r < o0
or0 < 6 < 1,r = oo is a space consisting of all functions f € X that possess the finite norm

1/ 1le.:

o0 dt 1/7"
U (t‘eK(f,t))T’T , 0<0<1,1<r<),
0

supt UK (f,1), (0<6<1, r=00).
t>0

(N

0r = HfHG,r,[Xo,Xﬂ =

The real interpolation space [Xo, Xi]p, is an intermediate space between X, and Xi, i.e.,
X1 — [Xo, X1]p, — Xo. One can check that, in extreme cases, we have [Xo, Xi]ooo = Xo
and [Xo, X1]10c = Xi. In particular, we are interested in the space [Loo(Xm), Hmlooo for
which we can give the convergence rate of Bayesian-MKL. To give a concrete example, suppose
Hy = W (X,,), then Theorem 1.12 of Bennett and Sharpley (1988) gives

[LOO(Xm),Hm]G,oo = [LOO(Xm)a Wam(Xm)]G,oo — nggn (Xm)a

where ng;n(xm) denotes a Besov space of regularity fc,, with Ly-Lo, norm® (see Adams and

Fournier (2003) for the definition). In addition, if X, = [0,1]%", then it is known that sm =

QdOZ” satisfies the entropy condition (6) for H,, = W (X,,). Now we denote by || me

|l fm 7 [Loo (Xm),Hm - Finally we assume that the constant hidden in the small ball probablhty upper
bound is bounded uniformly for all m = 1,..., M for simplicity: 3Cy > 0 such that

_ 2sm
—log(GPm({f : [fllc < €})) < Co(e T=om) (Vm =1,..., M).
Then we obtain the following theorem.

Theorem 6 (RKHS with metric entropy condition) If f: <€ H,, for all m € Iy and
maxmer, || fioll4,, < R, then there exists a constant C| depending on {spm }mer,, Co, R, B such
that

£ o o * Me
EY1:7L|1'1:7L |:||f - f H72’Lj| S 2Hf - f H?L+Ci Z n 1+Sm + ml g( )

mely K|IO|

3. [La(Xm), WO (Xm)]o,00 = B (Xm) by the definition.
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If fr, € [Loo(Xm), Hmlo,co with 0 < 0 < 1 for all m € Iy and maxc, Hf;“lH((,";i < R with a
constant R, then there exists a constant C| depending on {sm }mer,, 0, Co, R, B such that

2
7 % 1 IO Me
Byiafers, [If = PI2] <202 = FI2 + € (Z n 2<1+sm/9>> + Mo (26

méely H’IO|

The proof can be found in Appendix B. Under the metric entropy condition (6), the con-
1

vergence rate n 1+sm is minimax optimal in typical situations. Moreover, when &, =
[0, 1)9m, since BIm (Xn) < [Loo(Xm), W™ (X)]g,00 — Bg?g(?ﬁm), the metric entropy of
[Loo (X)), W™ (X,)]0,00 satisfies (6) where s, is replaced with ), = 22’:16 = 7, and that is
tight (see Theorem 2 of Edmunds and Triebel (1996) and A.5.6 of Steinwart (2008)). Thus the
convergence rate n”TFm7 s minimax optimal on [Leo (X5, ), W™ (X)]9,00 as long as s,, /6 < 1.
In that sense, Theorem 6 states that Bayesian-MKL achieves the optimal rate (as for the misspec-
ified situation, it is true at least when M = 1). Here we again observe that the Gaussian process
with scale mixture adaptively achieves the optimal rate for all # such that s,,, < 6 < 1. Thus the
convergence rate is not influenced by oversmooth specification.

Note that Theorem 6 includes the analysis of the Matérn prior as a special case. Because
the RKHS H,, corresponding to the Matérn prior is continuously embedded in the Sobolev space
Wemtdn/2[0 1]%m so that the metric entropy condition (6) is satisfied with s, = dy /(20 + di,).
Moreover the proof of Lemma 4 of van der Vaart and van Zanten (2011) yields that functions
fr, € CPm[0,1)4m N WHm[0,1)% with || f]|5,.0c < R are included in a ball of the interpolation

space [Loo(Xm), Himlo,0o With 8 = By, /(cm + din/2) < 1. Thus Theorems 4 and 5 are recovered

by Theorem 6 with the parameter setting s,, = ﬁ and 6 = #’;/2.

Group Lasso Finally we investigate the situation where each #,, is finite dimensional. This
situation corresponds to Group Lasso (Yuan and Lin, 2006). Suppose X, is a compact subset of
R% and the Gaussian process prior GP,, is as follows:

fm(l‘) = MTxa M NN(OaIdm)a

where I  is the d,,, X d, identity matrix. Then the corresponding kernel function is &, (z, z') =
x "2, In this setting, the convergence rate of the Bayesian-MKL is given by the following theorem.

Theorem 7 (Group Lasso) Suppose that f:(x) = plx for some p, € R and
maXmer, || fmll#, = MaXmer, |pm| < R, sup omey,, |z"™)|| < R for some constant R, then
there exits a constant C| depending on (3, R such that,

o o Y mer, Amlog(n) |1 Me
Ey,.. le1n [||f—f H?L} <2f°-f H?L+Ci{ €l n + = log (nlh)}'

The proof can be found in Appendix C. This is rate optimal up to log(n) order because the
optimal rate of the estimation problem on ) I, dm dimensional parameter space (tm)mel, 18

ZWLEIO dTVL M@
n [Io|k

components (Rigollet and Tsybakov, 2011a).

, and % log ( ) is the optimal rate for sparse linear regression with |Iy| non-zeros
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5. Conclusion and Discussion

In this paper, we developed a PAC-Bayesian bound for Gaussian process model and generalized it to
sparse additive model. Important notion was that the optimal rate is achieved without any conditions
on the design. Interpolations of spaces gave a nice characterization of the convergence rate on the
misspecified situation. We have observed that Gaussian processes with scale mixture adaptively
achieve the minimax optimal rate on both correctly-specified and misspecified situations.

We bounded the empirical Lo-norm ||-||,, in this paper. However, the evaluation of the population
Lo-norm, || f H%Q( Py) = [ f(X)?dPx, between the estimator and the true function is also of interest
from the view point of generalization error. For the analysis of the population Ly-norm, the L-
norm in the metric entropy condition (6) and the definition (4) of (;5%) could be replaced with the
population Ly-morm ||- ||z, (py)- To bound the population Lg-norm, we would need to impose some
smoothness condition on the prior (see Theorem 2 and the following discussions in van der Vaart
and van Zanten (2011)). Our future work includes developing a PAC-Bayesian bound that is also
applicable to the population Lo-norm.

Another interesting topic is to compare Bayesian-MKL with a model selection type method that
minimizes a penalized risk like the BIC estimator. Rigollet and Tsybakov (2011a) discussed benefits
of a model averaging type estimator comparing to a BIC type estimator in a finite dimensional linear
model. It is interesting to argue an analogous thing also in a nonparametric regression situation.
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Appendix A. Proof of Theorem 3

Fix €m, A > 0. To prove the theorem, we substitute some “dummy” posterior distribution into
p in Eq. (3) of Theorem 1 (the PAC-Bayes bound). If f, € H,,, then we take hy, as hy, = fp,.
Otherwise, we take h,, € H,y, ,, such that

hunl|3 <2 inf M, .
B 2, E b,
The process (W + hp(2) : 2 € X,,) induces the “shifted” Gaussian process GPY #Lm(d FonlAm)

m (2
such that GP)” +hm (A|An) := GPyu(A — hyn|Am) for a measurable set A. Now our choice of p is
given as follows:

/ GPme(dfm\Xm)l{ufm—ﬁmuoo§ i)
2 <Ssrn GPu({Afm [ Afumlloo < m}Am) N
df = 2 : 0, dfma
ran=11 o 8 o o) ml;[ o(dfim)

We can show that p is absolutely continuous with respect to the prior II as follows. First notice that

> [ A P fol A)G( ) - [ ()

méely mER+ mélIp
>mr, - ] / o GPu(dfm )1l — hnlloo < €m}G(dAm) - [] do(dfm).  (8)
mely ! 25 <Am<Am mé I

Here we define a linear map Uj(c’\m) : M5, — R by setting U}Am)%m;m (x,") = fm(z)
and extending linearly and continuously to an arbltrary h € Hy,. This induces an isometry
v i3, = La(GPr () because [1U Bl (ST ik (e, DG (A fl i) =
Zj:l Zj’:l Qg / fm(zj)fm(zj/)GPm(dfm|5‘m) = Zj:l Ej/zl O‘jaj’]%m,j\m (2j,2jr).  Ac-
cording to Lemma 3.1 of van der Vaart and van Zanten (2008a), GP,,(-|A\m) and GPY +hm | Am)
are equivalent, and moreover, for f,,, such that || f;, — hunlleo < €m, We have

Wthm 5 ~
/ ) GP,, (dfm|Am) G
2 <X <A GPr({Afm t |Afmlloo < €m}Am)
Jrm s, <n,, GPm(dfmlAm)G (dAm)

GPI " (d | M)
< sup < T
Am: 22 <X <Am GPr(dfm|Am) - GPr({Afm : |Afmlloo < €m}Am)
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()7, 1
< sup exp (U || mH )
A 20 <X < HmAm GPr({Afm : [[Afmlloo < Em}‘)\ )

(". Lemma 3.1 of van der Vaart and van Zanten (2008a))

Gom) Gy, Lz o 1
< sup exp [(U c U ) hm — Sllhmlly } 3
Am 20 <X <A frm = fim fim 2 mAm | GPy ({Afm : [Afmllee < €m}lAm)
() 1
< o —
<exp U™ I + HhmHH } GPm({Afm : [AFmlloo < €mtAm/2) ©
<00, (as.). (10)

Therefore combining Eq. (8) and Eq. (10), we have that p is absolutely continuous with respect to
I1. Using the bound (9), we obtain that K(p, IT) is bounded from above as

K(p, 1)
>\77L T
</1 1 H exXp |:‘U = m’ + %Hhm”g{m,)\m (df)
S [ logq — = = P
TIo me GPm({Afm A fmlleo < 6m}|>\m/2)g({>\m : /\Tm <A < Am})
1 -
=[5 (10 ol + 5l ) o)
mGIo
Am
- Z log { GPu ( {Afm 1A fmllso < em} |5
m=1
M o )
— ) log (g ({)\m : 77” <Am < )\m}>> — log(my,). (11)
m=1
Here we have the following bounds for each term. By Lemma 8, the first term is bounded as
[ X (100 bl il o, ) )
melp
<C'y. (||ﬁm||ym,m Wl ) €207 (Il V1) (12)
melp melo

where C is a universal constant. The third term is bounded as

—log < <{/\ Am <A < Am}>) = —log (/ exp(—Xm)de>
2 i <3 <A
—log ()\2m exp(—)\m)) = —log ()\;n> + A (13)

The fourth term is bounded as

()
— log(my,) = —log (Z;WO ¢i \|o|

s () v (1) e 2
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Me
<lfol leg <|IO|C(1 - o) | (1

Substituting Egs. (12),(13),(14) into Eq. (11), the KL-divergence between the “dummy” posterior p
and the prior distribution II is bounded as

1
) 1 (m) 1.1 Am [ o] _ Me
501%0<n¢m(6m,Am/2)+nAm nlog<2)>+ log Lea-0) (15)

where C1 is a universal constant.
Finally we bound [ [|f — f°|2dp(f). Notice that [ |1 — f°|2dp(f) < 2/l fo— f*|2+2 [ |1
f*12dp(f). Thus we only need to bound [ | f — f* H%dp(f). By the definition of p, we have that

If = £12do(f) H ol o)

/ / mGIo n

/ S o — £312d0(f / S™ U = Fo o — Fadedp(f). (16)
mely m#m/ GIO

Since~the mean of f,, with respect to p is fzm, fm — iLmHOO is bounded by ¢, on the support of p
and ||~y — [ |loo < €, by the definition, we have

/ 1 — F3I2d0(F) < 2 / 1o — P 2dp(f) + 2 / Vi — F2]2dp(f) < 4¢3,
and

h mém/, 5 ! j,
/<fm_f;”fm/_f:”/>"dp(f):<hm_f;whm/_f;1’>”{§€ 6 (m - 0)

=0, (otherwise).

These bounds and Eq. (15) give the assertion by resetting A\, < A, /2.

Appendix B. Proof of Theorem 6

We show only the second assertion where f;;, ¢ H,,. The first assertion can be shown in the same
line. We utilize Theorem 3.

By the definition, we have Hf,’;||é";i = supy~q infu, en,, (0N FE — hmlloo + 270 Rl }-
Ifinfy ca. |15 — Pmlloo > 0, then the term ¢=%|| £ — hy,||oo can be arbitrary large. Therefore
the assumption R > || fﬁk”é@ ensures that there exists A, € H, such that || — hp||co < € forall
€ > 0. Now we evaluate the quantity infycyy, . |n—fz Hoo<5m [[hl3,, by the assumption [| £ || éw;l <

oc. Forall t > 0, there exists A\, € Hm such that 2|| £}, He m o> 4 o) fx — hSi)HOO —|—t1*9Hh§,?HHm.
_1 1

This gives 2||f* He m) > 15_9||f;§Z — m HOO so that we have ¢ > 2_5||f;:1||9”2> o I, — h%)Hgo, and

hence 2[| 5,157 > t1=0||A%) |5, yields

—0

1P N3, < t=ED2Y FR 1157 < 20| 157 ||fm O
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Therefore we have that

2(1-0) _2(1-0)

inf hl2, < 2b (m) &~ < (2R)7e, ©
heHm:Hh_mwm\l 130, <200 fmllgns” €m < (2R) ,

because for all € > 0 there exists ¢ such that || ¥, — Y lloo < €. This and the evaluation

—1og(GP({f : | fllec < €})) < C'oe_lisignm

gives that
2 _2(1-0) 2
Cb (fm: Am) < (2R)0Amem * + Co(V Amem) T-om, (17)
where we used —10g(GPyu({F ¢ [1f oo < Hm)) = ~108(GP({f : [Ifllsc < VAme}). Now
Am = €m **  balances the two terms in the right hand side of the above display up to constants.

With this )\,,,, we have that

A log(Am,
2t S e A 2 08 Am)
n n
2 179075771 1 ( 179075771 )
2 —2m m m
§63n+—(( B+ Co) Sty om T Loglem ), (18)
n n n

6
Here we take €,,, = n~ 2(@+sm) that balances the first two terms of the RHS of the above display (up
to constants). Then the RHS of Eq. (18) is further bounded by

2 S S _ltotsm 1 — 6 — s, log(n)
1 2R +C TFsm /0 2(0+sm) m
14+ (2R)? + Co)n +n + S —

1
SCTL_ 1+sm /6 ,

where C'is a constant depending on s,,, R, Cp, 0. Substituting this bound into Theorem 3, we obtain
the assertion.

Appendix C. Proof of Theorem 7

We utilize Theorem 3. Since {f : ||f|loo < €} 2 {f(z) = 8Tz : ||8]| < ¢/R}, —log GPp,({f :
Il fllco < €}|Am) is bounded as

—10g GPu({f : |flloo < €}[Am) < —log N ({8 € R™ - [|B]| < ¢/R} | 0, 14,,/Am)

exp(— (\/>\712€/1“3)2 ) dm/2

(2 )@ /2 T(dp /24 1)
< (\/2;26) + (2 + 1) log(2) — d7m log(Am) + d7m log (d;) — dyp log <%> ,

where we used I'(d,,, /2 + 1) < 2 (dTm)Tm . Here set \,;, = 1 and €,, = /%, then we have

< —log

(e/R)™

—log GPrn({f : [fllcc < €m}Am)
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dm dm, dm dm, dm, n
<— — +1]log(2) + —1 — dm 1 —1 —_—
_2R2n+<2+>og()+2 og(2>+ og(R)+2 og(dm)

1 dm
< <2R2 + 2log(2) + 10g(R)> dm + > log(n) < Cdy, log(n),

where C is a constant depending on R. This gives the following evaluation of ¢§CT):

6 (ems Am) < C'diy log(n),

where C’ is a constant depending on R. Therefore there exits a constant C” depending on R such
that

2,4 L9 (e 2 1+ 2 108 iy (19)
n m n n n

which gives the assertion.

Appendix D. Auxiliary Lemma

Lemma 8 We have that

SO Bl 1{F [ flloo < €}GPm(df|Am)
GPo({f: Iflloe < €} Am)

Proof Since the Gaussian process W : Q — Lo (X;,) with the law GP,,(-|\;;,) is measurable,
the norm || - || is a measurable function, that is also true in the sense of Definition 3.1 of Hargé
(2004) due to Corollaries 4.5 and 5.2 of Gross (1962). Here we utilize Theorem 3.4 of Hargé (2004)
that is a particular infinite dimensional extension of Brascamp-Lieb inequality (Brascamp and Lieb,
1976). That gives

SIS Rl 14F < 1o < €GP (df A
GPm({f3 Hf”oo < 6}’)‘m)
The RHS is further bounded by

) < [ 107 hlGPAf ).

\// UL B PGP (A An) = e 20,00 (20)

(Am)

because U™ is an isometry from #,, y,, to La(GPp,(-|Amm)). [ |

Remark 9 The key proposition in the proof of Lemma 8 is Theorem 3.4 of Hargé (2004). As we have
mentioned, the theorem is an infinite dimensional extension of Brascamp-Lieb inequality (Theorem
5.1 of Brascamp and Lieb (1976)). One big motivation of this line of researches is to prove the
Gaussian correlation conjecture:

(AN B) = p(A)u(B)
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where i is any centered Gaussian measure on a separable Banach space and A and B are any two
symmetric convex sets. There is a long history about this conjecture. Brascamp-Lieb inequality can
be seen as an application of a particular case of the Gaussian correlation conjecture (see Hargé
(1999)). See the survey by Li and Shao (2001) for details of the Gaussian correlation conjecture.
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