HOKKAIDO UNIVERSITY

Title Theoretical Analyses on 2-Norm-Based Multiple Kernel Regressors

Author (s) Tanaka, Akira; Imai, Hideyuki

IEICE transactions on fundamentals of electronics communications and computer sciences,
Citation E100A(3), 877-887
https://doi.org/10.1587/transfun.E100. A. 877

Issue Date 2017-03
Doc URL https://hdl. handle.net/2115/65520
Rights copyrighte2017 IEICE
Type journal article
File Information e100-a 3 877.pdf

kaido
wo¥ U"/Ls

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




IEICE

TRANSACTIONS

on Fundamentals of Electronics,

Communications
and Computer Sciences

VOL. E100-A NO. 3
MARCH 2017

The usage of this PDF file must comply with the IEICE Provisions
on Copyright.

The author(s) can distribute this PDF file for research and
educational (nonprofit) purposes only.

Distribution by anyone other than the author(s) is prohibited.

A PUBLICATION OF THE ENGINEERING SCIENCES SOCIETY

® The Institute of Electronics, Information and Communication Engineers
E Kikai-Shinko-Kaikan Bldg., 5-8, Shibakoen 3 chome, Minato-ku, TOKYO, 105-0011 JAPAN



IEICE TRANS. FUNDAMENTALS, VOL.E100-A, NO.3 MARCH 2017

877

[PAPER

|

Theoretical Analyses on 2-Norm-Based Multiple Kernel Regressors

SUMMARY  The solution of the standard 2-norm-based multiple kernel
regression problem and the theoretical limit of the considered model space
are discussed in this paper. We prove that 1) The solution of the 2-norm-
based multiple kernel regressor constructed by a given training data set does
not generally attain the theoretical limit of the considered model space in
terms of the generalization errors, even if the training data set is noise-free,
2) The solution of the 2-norm-based multiple kernel regressor is identical
to the solution of the single kernel regressor under a noise free setting, in
which the adopted single kernel is the sum of the same kernels used in
the multiple kernel regressor; and it is also true for a noisy setting with
the 2-norm-based regularizer. The first result motivates us to develop a
novel framework for the multiple kernel regression problems which yields
a better solution close to the theoretical limit, and the second result implies
that it is enough to use the single kernel regressors with the sum of given
multiple kernels instead of the multiple kernel regressors as long as the
2-norm based criterion is used.

key words: multiple kernel regressor, reproducing kernel Hilbert space,
generalization error, 2-norm criterion, 2-norm regularizer

1. Introduction

The kernel method [1]-[3] is widely recognized as one of
powerful tools in the field of machine learning, such as pat-
tern recognition, regression estimation and density estima-
tion; and it has been imported into the field of signal pro-
cessing such as system identification problems [4], [S]. So
far, many kernel-based learning machines have been pro-
posed such as the support vector machines [3], [6] and the
kernel ridge regressors [2]. Historically, the kernel-based
learning started with a single kernel; and then it has been
extended to the learning with multiple kernels [7]. In early
multiple kernel learning methods, a kernel constructed by a
linear (or convex) combination of kernels was used as an al-
ternative single kernel, in which the main interest was how
to construct a better kernel [2], [8]. Today, various frame-
works of multiple kernel learning have been developed (See
[7] and its references therein). The ensemble kernel learn-
ing [6] is a representative one, in which a learning result is
constructed as a combination of the leaning results by each
kernel through the boosting strategy for instance. As a more
flexible model, we can consider a linear combination of all
(n) kernels with all (£) input training vectors, which neces-
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sarily has n¢ coefficients to be determined [7]. This model is
widely recognized to be more flexible than another models
such as the single kernel regressor with a combined kernels.

Since many frameworks for the multiple kernel learn-
ing have been proposed, as mentioned above, theoretical
analyses of their generalization capability and their advan-
tages are needed to give a guideline in order to choose an
appropriate method to each learning problem. In such the-
oretical analyses, statistical or asymptotic approaches were
popular (See [9]-[11] for instance) in which a certain prob-
abilistic structure was assumed in a training data set. On the
other hand, it is also important to analyze the generalization
capability of kernel machines which is specified only by a
given training data set since we have to construct a learning
result by a given training data set only in practical problems.

In general, a learning result of the kernel machines
is modeled as a linear combination of the kernel functions
whose one variable is fixed to each training input vector. It
implies that the learning result belongs to the reproducing
kernel Hilbert space (RKHS) which is uniquely specified by
the kernel. Therefore, it is natural to assume that an un-
known target for the estimation also belongs to the RKHS
corresponding to the kernel in a mathematical analysis of
the generalization capability of the kernel machines. In this
paper, an unknown target for the estimation is assumed to be
in an RKHS, which necessarily leads us to the analyses on
the kernel-based regression problems.

The common objective of machine learning is to min-
imize the generalization error. Roughly speaking, the gen-
eralization error of a kernel machine is a difference between
an unknown true function and an estimated one at all points
(which may not be in a given training data set) in a domain.
This implies that it is natural to adopt the (squared) norm
of the difference between an unknown true function and an
estimated one as the generalization error [12], [13] since the
absolute difference of the unknown true function and an es-
timated one is upper bounded by the product of a certain
constant (specified by an adopted kernel and a considered
point) and the norm of the difference of them, which is a
straightforward consequence of the reproducing property of
kernels and the Schwarz’s inequality.

As an optimization criterion in the kernel machines, we
usually adopt the combination of an empirical error mea-
sure, such as the classical squared loss and a hinge loss
[2], [3], and a regularizer, such as the £,-norm of coeffi-
cients used in a linear combination [2], [3] or the (squared)
norm of the unknown true function itself evaluated in a cer-

Copyright © 2017 The Institute of Electronics, Information and Communication Engineers



878

tain RKHS [11], [14]. Our generalization error (the norm
of the difference between an unknown true function and an
estimated one) partly supports the validity of adopting the
(squared) norm of an estimated function as the regularizer
since the minimum norm of an estimated function deeply re-
lated to the orthogonal projection of the unknown true func-
tion onto the linear subspace corresponding to the learning
model, which is the optimal solution in terms of our gener-
alization error. Thus, we adopt the squared norm of the esti-
mated function evaluated in an RKHS as the target regular-
izer for the analysis. Although there exist many criteria for
evaluating the empirical error, as mentioned above, we do
not have sufficient theoretical knowledge about the general-
ization capability in terms of our generalization error even
for the fundamental ¢,-based measure. Accordingly, we an-
alyze the generalization capability of the fundamental mul-
tiple kernel regressor by the {,-norm-based empirical error
measure with the squared-norm-based regularizer of an es-
timated function. Specifically, we discuss the following two
issues in this paper. One is whether or not we can construct
the orthogonal projection of the unknown true function onto
the model space, that is the theoretically best solution, by
a given training data set; and we give a negative conclusion
for this issue, which gives us a motivation to develop a novel
framework that gives a learning result which is closer to the
theoretical limit. The other is the properties of the solution
of the multiple kernel regressors by the 2-norm-based for-
mulation. If we can not obtain the theoretical limit by the
2-norm-based formulation, we are interested in the relation-
ship between the solution and the theoretical limit. Thus,
we theoretically investigate their relationship and prove that
the solution is identical to that by the single kernel regressor
with the sum of the considered kernels, which reveals the
superiority of a learning with a combined (single) kernel in
terms of computational costs. We believe that our analyses
provide useful tools for the analyses of the kernel machines
based on another approaches.

The rest of this paper is organized as follows. In Sect. 2,
we review the theory of reproducing kernel Hilbert spaces
and give an overview of the single kernel regressors. In
Sect. 3, we discuss the properties of the multiple kernel re-
gressors and give some theoretical results. In Sect.4, we
give toy examples confirming our theoretical results. Fi-
nally, we give concluding remarks in Sect. 5.

2. Preliminaries
2.1 Theory of Reproducing Kernel Hilbert Spaces

Here, we prepare some mathematical tools concerned with
the theory of reproducing kernel Hilbert spaces [15]-[17].

Definition 1: [15] Let R? be a d-dimensional real vector
space and let H be a class of functions defined on a domain
D c R, forming a Hilbert space of real-valued functions.
The function K(x,X%), (x,X¥ € D) is called a reproducing

IEICE TRANS. FUNDAMENTALS, VOL.E100-A, NO.3 MARCH 2017

kernel of H, if the following two conditions hold.

1. For every fixed ¥ € D,

Kz() = K(, %) € H. (1)
2. For every ¥ € D and every f(-) € H,
VCIERVION QP INR 2

where (-, -)¢s stands for the inner product of the Hilbert
space H.

A Hilbert space that has a reproducing kernel K is
called a reproducing kernel Hilbert space (RKHS), and it
is denoted by Hx. The reproducing property Eq. (2) enables
us to treat a value of a function at a point in D, while we can
not deal with a value of a function in a general Hilbert space
such as L2(D) (the Hilbert space of all square-integrable
functions defined on D). Note that reproducing kernels are
positive definite:

N
Z c,-ch(x,», xj) > O, (3)
ij=1

for any positive integer N € N, c¢i,...,cy € R, and

Xi,...,xXy € D [15], where N stands for the set of natu-

ral numbers. In addition, K(x, ¥) = K(¥, x) for any x,X € D

is followed [15]. If a reproducing kernel K(x,¥) exists, it

is unique [15]. Conversely, every positive definite function

K(x,X) has the unique corresponding RKHS [15]. In this

paper, we assume that all RKHSs are separable [18] since

many popular RKHSs are separable.

The following theorem, concerned with the sum of re-
producing kernels, plays an important role in the analyses of
the multiple kernel regressors.

Theorem 1: [15] If K; is the reproducing kernel of the
class F; with the norm ||-||;, then K = K;+K is the reproduc-
ing kernel of the class F of all functions f(:) = fi(-) + f>2(-)
with f(-) € F;, and with the norm defined by

LFOIP = min [IA I +ILAOR] . @)
the minimum taken for all the decompositions f(-) = fi(:) +

() with fi(-) € F;.

This theorem shows that the sum of the kernels K =
K| + K has the unique corresponding RKHS with the norm
defined by Eq. (4). Note that the original kernels K; and
K, are no longer reproducing kernels of the RKHS corre-
sponding to the kernel K = K| + K;. This theorem is easily
extended to the case of the sum of more than two reproduc-
ing kernels. In the following contents, we use the notation
‘kernel’ instead of ‘reproducing kernel’ for simplicity.

2.2 Overview of Single Kernel Regressor and Its General-
ization Error

In this part, we review regression problems with a single
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kernel and introduce the generalization error of the kernel
regressor as preparations for the analyses on the multiple
kernel regressors.

Let {(y;,x;) | i € {1,...,¢}} be a given training data set
with ¢ samples, where y; € R denotes an output value and
x; € R denotes the corresponding input vector, generated
by the model:

yi = f(x;) +n, )

where f(-) denotes an unknown true function and n; denotes
an additive noise. The aim of regression problem is to es-
timate the unknown true function f(-) by using the given
training data set and statistical properties of the noise (if
available).

In the single kernel regressor using a kernel K, a learn-
ing result is modeled as a linear combination of K(:, x;), (i €
{1,...,{}), written as

¢
FO) = K, x) (©6)
i=1
with some coefficients ¢; € R, (i € {1,...,£}). In general,
the minimizer of the generalization error is adopted as the
coefficients c;. In this paper, we adopt

Es(fO), fO3HR) = IFC) = fOlG,,, @)

as the generalization error of f(-) [12], [13], [19], [20],
where K, is a certain kernel whose corresponding RKHS
includes f(-) and f(~). The subscript ‘S’ stands for ‘Single
kernel’. If f(-) € H, it is natural to adopt H as H, since
f(-) € Hg holds by Egs. (1) and (6). The validity of using
Es(f(), f(-); Hy) is supported by the fact that

1f(x) = fo)l
= KFC) = FOKC x4
< FE = FOlla IKC )l
= IfC) = FOllg K(x, )2, ®)

holds for any x € D, by the reproducing property Eq. (2) of
a kernel and the Schwarz’s inequality. Therefore, minimiz-
ing Es(f(-), f(-); Hy) surely reduces the upper bound of the
absolute error at any point in D.

Since we assume that H is separable, there exists a
countable set A such that span{K(:,zx) | zx € D,k € A} is
dense in H. Thus, the unknown true function f(-) € Hg
can be represented by

FO =D aKC,zo), ©)

keA

with some (unknown) coefficients @y, (k € A). Therefore,
we have

Es(f(), £(); Hy)

S ek - Y e
keA i=1 N
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= &/G¥a -20'G¢ e + ' Gi¥e. (10)

where @ = [«, ..., aa]" with |A| denoting the cardinality of
A (ora = [ay,as,...]" incase of |A| = ), ¢ = [cy,...,ce]
and the superscript ’ denoting the transposition operator.
GX¥ = (K(xi,x)). G¥ = (K(2;.2))), and G = (K(2;.x,)).
satisfying (GZ¥) = Gy7, are the kernel matrices of K with
X ={x,....,x¢yand Z = {zy,...,za)} (0r Z = {z1,22,.. .}
in case of |A|] = o). We assume that all kernel matrices
are of full rank since kernel matrices are usually of full
rank except in the pathological cases, such as the cases with
a training data set including duplicated training samples.
Since Eq. (10) is a positive quadratic form, the minimizer
of Eq. (10) is identified as its stationary point, which is ob-
tained as

OEs (f(-), f(): H,
S(f()af() x) =2G},§XC—2G§ZQ'=0' (11

Therefore, the typical’ optimal coefficient vector ¢ is re-
duced to

et = (G 'G¥a = (G f, (12)

since f = [f(x1),..., f(x)] = GF*a holds from Eq. (9).
Note that the minimizer of Eg(f(-), f (-); Hg) produces the
orthogonal projection in Hg of the unknown true function
f(-) onto the linear subspace

Ls = span{K(-x;)) [i € {1,...,0}}. (13)

Hereafter, we call the function constructed by é§* the theo-
retical limit of the model space L since &g is the theoreti-
cally best solution.

Here, we consider the following problem, which is a
fundamental formulation of the kernel regressor with a sin-
gle kernel.

Problem 1: Find the coeflicient vector ¢ of the model
Eq. (6) that minimizes

Js(©) = 1/ O3, (14)
subject to
yi = fx), ie{l,.... 0. (15)

The constraint Eq. (15) can be represented by

y =Gc (16)
withy = [yy,...,y,]" and the criterion Eq. (14) is reduced to
Js(e) = ¢'G¥¥e. (17)

It is well known [21] that the solution of Problem 1 is given
by

¢ = (G 'y, (18)

"The word ‘typical’ is used for the minimum-norm least-
squares solution.
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which agrees with the coefficient vector Eq. (12) of the the-
oretical limit with a noise-free training data set’. Accord-
ingly, it is concluded that the empirical error minimization
scheme (corresponding to Eq. (15)) achieves the minimum
generalization error in the single kernel regressor under the
conditions f(-) € Hyx and K, = K.

In case of a noisy training data set, a regularization
scheme is usually adopted. The following problem is the
formulation of the regression problem with a standard 2-
norm-based regularizer.

Problem 2: Find the coeflicient vector ¢ of the model
Eq. (6) that minimizes

14
Tsr(e) = AW, + > @i - fe), (19)

i=1

where A is a positive regularization parameter.

The subscript ‘SR’ stands for ‘Single kernel with Reg-
ularization’. The criterion Eq. (19) is reduced to

Jsr(c) = 1'G¥¥e + Iy — G¥¥el? (20)
and its minimizer is easily obtained as
& = (G + A1)y, 1)

where I, denotes the identity matrix of degree £.

3. Analyses on Multiple Kernel Regressors with 2-
Norm-Based Criterion

In this section, we consider the class of kernels K =
{Ki,...,K,} and discuss theoretical properties of the mul-
tiple kernel regressors using kernels in K. A learning result
of the multiple kernel regressor discussed in this paper is
modeled as

n {

fo=>

P K, x0), (22)
p=1 i=1

which is one of the most popular models in the multiple ker-
nel scenario [7], [11], [14]. In contrast to the single kernel
regressor, we face one problem, that is, a selection of an
RKHS Hk, which is used to evaluate the generalization er-
ror of the model Eq.(22). Since we have to evaluate the
norm of individual kernel K, (-, x;) in a certain RKHS H,,
it must include the RKHSs corresponding to all the kernels
in K. One reasonable resolution is adopting the RKHS cor-
responding to the sum of all kernels in K as K., written as

K, = Z K,, (23)
p=1

Since we assume that the kernel matrix is non-singular, the
criterion Eq. (14) does not affect the solution.

IEICE TRANS. FUNDAMENTALS, VOL.E100-A, NO.3 MARCH 2017

whose validity is supported by Theorem 177. As in [11],
[14], the norm of an estimated function is generally eval-
uated in the RKHS corresponding to a certain positively
weighted linear combination of given kernels in the multiple
kernel regressors, while K, seems to be an unweighted sum.
However, K, can deal with the evaluation by a weighted
sum. In fact, given a set of kernels K = {Ki,...,K,}
and their positive weights ® = {6,,...,6,}, then K =
{Ki,...,K,} with K, = 6,K, surely produces a positively
weighted linear combination of the kernels in . Note that
our target for the analysis is the generalization capability
with a fixed ® and the selection of a better ® is out of the
scope of this paper (See [8] for the optimal selection of ®).

Here, we give some preparations for the inner product
of the kernels in H, .

Lemma 1: For every x, z € D,

D K20, Ky D)y, = Kqlx, 2), (24)
p=1
DT KX, Ky D, = Kulx, 2) (25)
p=1 g=1

hold.

Proof From the reproducing property Eq. (2), we have

n

<Kp('7 x)7 Kq(" Z)>‘7‘(Ku
p=1

- (3K 6K D),
p=1 !

= <Ku(" x)’ Kq(" Z)>(/‘(K,( = Kq(x’ Z)7
since K, (-, z) € H,, which yields Eq. (24). Also we have,

n

> imp(-, X), Ky 2D,

p=1 g=1

= (3,800, Y Kic2),,
p=1 g=1 !

= <Ku('7x)’Ku(" z))’/'{;(u = Ku(xv Z)’

which yields Eq. (25). O

We assume that the unknown true function f(-) belongs
to Hy, in the following contents. From the assumption of
separable RKHSs, there exists a countable set A such that
span{K,(-,zx) | zx € D, k € A} is dense in Hk,; and the
unknown true function can be represented by

FO =D k(20 (26)

keA

"In our previous work [22], we adopted an alternative K, spe-
cialized for the Gaussian kernel, which does not lead to the results
in this paper shown below.
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with certain (unknown) coefficients a;, (k € A) as the same
with the single kernel case.

First of all, we identify the theoretical limit of the
model space, that is, the orthogonal projection of the un-
known true function onto the model space

Ly = span{K,(-,x;)) | pe{l,...,n}, i€ {l,...,{}}.
(27

Here, the subscript ‘M’ stands for ‘Multiple kernel’. The
generalization error of f(-) evaluated in Hk, is reduced to

En(F0). F0): Hi,) = 1FC) = FOIR,

n ¢

H Z @i K, (-, z1) — Z

keA p=1 i=

) :
P x,
1 :

n
1ZZ,, _ 1 ZX o (p)
@' GYla ZZQ’GK,,"

p=1
n n
5 S o
p=1¢=1
where ¢ = [c(lp), .. .,cgp)]’ and

GF = (Kul.2). Kul.2)nt,) = Ku(in 2)),
GEX = (Kl 20, Ky ) = Koz ),
Hi'x, = (Kp(20). Ky x Doy, ).

which are well-defined since K, (-, x;) € Hk,. Let

XX L XX
HK| ,K] HK] ,K»t
XX . . .
H = : .. : N
XX o XX
KoKy Ky, Ky
@) XZ
c G
. XZ
c= . ’ G = N ’
(n) XZ
c Gy

then Eq. (28) is rewritten as

En(f(), fO);H,)
= G a -2 (G e+ ' H . (29)
Since EM(f(-),f(-);WKM) is a positive quadratic form, the

minimizer of Ep(f(-), f(-); Hk,) is identified as its station-
ary point, which is obtained as

OEm(f(), f();Hk,)
oc h

which is reduced to the linear equation

2HXX ¢ = 2G%%a = 0, (30)

HX¢ = G*a. (31)

Therefore, the coefficient vector of the theoretical limit is
obtained by

&y = HY) G a. (32)

881

Generally, we can not construct this theoretical limit only
from the given training data set, even if it is noise-free on
the contrary to the single kernel case. In fact, we only have
f=1f(x1),..., f(xp)], which can be represented by

f=G%a= Z Gl =1, ®1)G*a, (33)
p=1

by Eq.(26), which is a direct consequence of Lemma 1,
where 1,, denotes the n-dimensional vector whose all ele-
ments are unity and ® denotes the Kronecker product [23]
of two matrices. In order to obtain G**a in Eq. (32) from
f, we have to decompose f into the series of Gga, (p €
{1,...,n}). However, it is impossible since @ is unknown.
We will discuss details of this issue later.

As mentioned before, the theoretical limit Eq. (32)
gives the orthogonal projection of the unknown true func-
tion f(-) onto the linear subspace Ly,. Thus, the obtained
minimum generalization error is reduced to

Ey™ = min Ey(f(), f(): H,)
= G a— @Y HMe
= d'Gla - o (G (HY)'GMa (34)
by the Pythagorean theorem.

3.1 Analyses on Noise Free Cases

Now, we introduce the solution of the multiple kernel regres-
sor defined by a typical 2-norm-based criterion for noise-
free training data set; and discuss the relationship between
the generalization errors of the estimated function by its so-
lution and the theoretical limit, that is, the function con-
structed by Eq. (32).

The most popular and fundamental 2-norm-based mul-
tiple kernel regressor is formalized as the following prob-
lem.

Problem 3: Find the coeflicient vector ¢ of the model
Eq. (22) that minimizes

Ju(e) = IFOllz,, (35)
subject to
yi=fx), ie(l,....0) (36)

The constraint Eq. (36) can be represented by

y=> G = (G¥Ye, 37)
p=1
where GXX = [G,)g‘ e, Gﬁf]’ and the criterion Eq. (35) is
reduced to
Ju(e) = ¢ H  ¢. (38)

The solution of Problem 3 is easily obtained as
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8'3 — (HXX)—IGXX{(GXX)I(HXX)—IGXX}—ly (39)

as shown in [21]. From Eq. (33), this solution can be also
represented by

when the training data set is noise-free.
Firstly, we investigate the properties of the learning re-
sult by the solution ¢3 of Problem 3.

Theorem 2: Let f3(-) be the estimated function by &3, then

O = AE, AN, =0 (41)
holds.

Proof Since K, = }7_; K, yields

n n

XX _ XX _ XX
Z Hy k. = Z Hy x, = Gk, »

i=1 i=1
from Lemma 1, we have

H*'G = ) THY 1, 01) = 1,01). (42)
Therefore,

FO O, = @ (GX) &5

_ a,,(ze),(Hxx)—l GXX

X{(GXX)/(HXX)—IGXX}—I Gﬁfa/
a,(GXZ)/(ln ® I[)
X({GXX)/(HXX)flGXX}flG)’gfa,
a,(G)]gMZ)/{(GXX)/(HXX)_IGXX}_IG)Igfa' (43)

holds. On the other hand, we have

A, = &H e
al (G)Igf)/{(GXX)/(HXX)_IGXX}_I (GXX)I
X(HXX)_IGXX{(GXX)’(HXX)_IGXX}_lGifa
al(Gif)l{(GXX)I(HXX)—]GXX}—]Gifa' (44)

Accordingly, Egs. (43) and (44) imply

(fO = F0O, O,
= OSOr, = 17Ol =0,

which concludes the proof. O

According to Theorem 2, the estimated function of
Problem 3 by ¢; given by Eq. (40) is the orthogonal projec-
tion of the unknown true function f(-) onto a certain linear
subspace Ly, C Ly From Theorem 2 and the Pythagorean
theorem, the generalization error of the estimated function
by the solution of Problem 3 is reduced to

Ey" = En(f(), () Hg,)

77 7 2
= 'Gla — 1130,

IEICE TRANS. FUNDAMENTALS, VOL.E100-A, NO.3 MARCH 2017

&' Gifa — ¢ H e

o' Ga

—/ GGy HH) T G

xGi a. 45)

Secondary, we analyze the relationship between the
generalization errors of the estimated function of Problem 3

constructed by ¢3 and the theoretical limit, that is, the func-

tion constructed by é3F.

Lemma 2: Let H;; € R™™, i,j € {1,...,n}) be positive
definite symmetric matrices and assume that

Hy -+ Hy,

Hn] e Hnn
is also positive definite. Then

M=H"'-1,®L,)1,®L,)H1,®1,)"'(1,®1,)
(46)

is non-negative definite and N(M) = R(H(1, ® I,,)), where
R(-) and N(:) denote the range space and the null space of a
given matrix.

Proof Let W = H'/2(1, ® I,,), then we have,
M =H"'"?,, - WW W) 'w)H /2, 47)

Since W(W’W)~'W’ is the orthogonal projector onto R(W),
L, — W(W'W)™'W’ is the orthogonal projector onto its or-
thogonal complement, whose eigenvalues are trivially non-
negative, which implies that M is a non-negative definite
matrix by the Sylvester’s law of inertia.

From Eq. (47), it is trivial that

N(M) = RHPW) = RH1, ® 1))
holds. m]
Theorem 3:

ESY > EG™ (48)
holds and the equality is obtained if and only if

e er, 1) (49)
holds.

Proof Since
(GXX)/(HXX)—I GXX
= (1, ® [ H**(H*)"'H* 1, 9 1)
= (1, ® IpH**(1, ®I) (50)

and
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(G =Gy, 1)) (1)
hold from Lemma 1, we have

Ex[st) _ Exlnin)

— a,r(GXZ)r(HXX)—l GXZO’
—& (GG HY) G Gl

— a/(GXZ)r(HXX)—lGXZa
- (G*) (1, ® ID{(G™) (HY) ™' GX¥y!
x(1, ® I))G**a

— a/(GXZ)/(HXX)—lGXZQ,
- (G¥) (1, @ IN{(, ® INH** (1, ® 1)}
x(1, ® I)G*a

= A(GX?Y M G*a, (52)
where
XX

-1, ® INI, @ INH** (1, @ 1)} ' 1, ® I).

Therefore, Lemma 2 immediately yields Eﬁf,m > E;’,’,”'”).
From Lemma 2, E;‘;m = EE{,’;'") holds only when

G¥a e N(M**) = R(H** (1, ® I))), (53)
which is identical to
el = H*Y'GXa e R, ® 1)), (54)

which concludes the proof. O

The former claim in Theorem 3 is easy to understand
since Eg';””) is the theoretical lower bound of the general-
ization error of the model space Ly,. In contrast, the latter
claim in Theorem 3 is important since it implies that the es-
timated function by the optimal solution of Problem 3 can
not always achieve the the theoretical lower bound of the
generalization error. In fact, the condition Eq. (49) implies
that &}/ must lie on a certain ¢-dimensional subspace (since
rank(1, ® Iy) = ¢) in ({n)-dimensional vector space. Note
that Egs. (8) and (48) imply that the upper bound of the ab-
solute error of the theoretical limit is smaller than that of
the estimated function obtained by Problem 3 at any point
x € D, which may not be in X, when Eq. (49) does not hold.

Finally, we identify the linear subspace L), and its re-
lation to the linear subspace R(1, ® I) given in Theorem 3.
To this end, we consider the following problem.

Problem 4: Find the coefficient vector ¢ = [cy, ..., c/] for
the model
3
FO = ekl xi) (55)

i=1

that minimizes

883

Je = 1F Oz, (56)
subject to

yi=fx), ie(l,....0) (57)

The subscript ‘C” stands for ‘Combined kernel’. Al-
though K, involves multiple kernels in K, it is reduced to a
single kernel. Thus, the solution of Problem 4 is given by

&s =Gy (58)
as the same with Problem 1; and it is reduced to
&y = (G f = GGl (59)

when the training data set is noise-free. We have the fol-
lowing important theorem for the relationship between the
estimated functions by the solutions of Problems 3 and 4.

Theorem 4: The estimated functions by the solutions of
Problems 3 and 4 are identical.

Proof From Egs. (42) and (50),
A, @ INH*(1, ® I;) = G}, (60)

holds, which is a direct consequence of by Lemma 1. Thus,
we have

~

C3
— (HXX)_IGXX((GXX)/(HXX)_lGXX)_lG)[gMZa’
= (1,8 IN(G) ' G a
=1,®1)e,.

Then the estimated function of Problem 3 is reduced to

n { {
AO =0 €DKy x) = Y (€K, x),  (61)
i=1

p=1i=1

where (C4); is the i-th component of ¢4, which is identical
with the estimated function £4(-) of Problem 4 by the optimal
coeflicient vector ¢4.
O
According to Theorem 4, it is concluded that the linear
subspace Ly, is identified as

Ly = span{K,(-,x;) [ i € {1,...,€}}. (62)

Theorem 4 also claims that it is enough to consider the
simpler Problem 4 instead of Problem 3 as long as the 2-
norm-based criterion is used. Note that Theorem 4 is con-
sistent with the representer theorem (See [8] and their ref-
erences therein) since the representer theorem claims that
the optimal solution of Problem 3 (and Problem 4), without
any assumption on the model of a function, is specified by
Eq. (55). Moreover, this theorem gives the intuitive inter-
pretation of the linear subspace R(1, ® I;) given in Theorem
3, that is, &} satisfying the condition Eq. (49) yields the co-
efficient vectors ¢, (p € {1,...,n}) which is independent
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from the kernel index p, and those vectors make the orthog-
onal projection of the unknown true function f(-) onto the
linear subspace Ly also lying on Ly,.

3.2 Analyses on Noisy Cases with 2-Norm Regularizer

When the training data set is noisy, a regularization scheme
is usually adopted to stabilize the solution in regression
problems. In this part, we discuss the multiple kernel re-
gressor by a 2-norm-based criterion with a 2-norm-based
regularizer; and prove that a similar result to Theorem 4,
obtained for noise-free cases, also holds for a noisy case.

Let us consider the following problem, that is, a regu-
larized version of Problem 3.

Problem 5: Find the coeflicient vector ¢ of the model
Eqg. (22) that minimizes

¢
Tur(e) = AFOR, + > @i = fee), (63)
i=1
where A denotes a positive regularization parameter.

The subscript ‘MR’ stands for ‘Multiple kernel with
Regularization’. The criterion Eq. (63) can be also repre-
sented by

Jur(€) = 2'H ¢ + |ly — (G eI, (64)
and the minimizer of Problem 5 is easily obtained as

&s = (GM(GMY + AH**)'G*%y. (65)
Also, let us consider the following problem, that is, a regu-

larized version of Problem 4.

Problem 6: Find the coeflicient vector ¢ of the model
Eq. (55) that minimizes

¢
Ter(©) = Oy, + D i = fx), (66)
i=1
where A denotes a positive regularization parameter.

The subscript ‘CR’ stands for ‘Combined kernel with
Regularization’. The optimal solution of Problem 6 is re-
duced to

& = (G + A7y (67)

as the same with Problem 2.

Theorem 5: The estimated functions by the optimal solu-
tions of Problems 5 and 6 are identical.

Proof We have to show that

IEICE TRANS. FUNDAMENTALS, VOL.E100-A, NO.3 MARCH 2017

¢s =1, ®1)es (68)

holds in order for the estimated functions in Problems 5 and
6 are identical.
Since Lemma 1 implies G = H**(1,, ® I),

~

Cs
= (H*1, ® I))(1, ® I,))H** + AH**}™!
xH**1, ® I)y
= (LI, ® IDH** + Ay} ' 1, @ I)y
= {1, @ ING™Y + A} ' 1, ® L)y (69)

holds. Then, we have
{1, ® LG + Ay)es =1, ® Iy
and

{1, ® I)(G*™) + A} (1, ® 1) 6

= (1, ® I)(G*) 1, @ I)GE* + A~y
+A(L, ® NGRS + AUy

= (L® NG (G + )y
+A(1, ® I)(GXX + Ay

= (1, ® I)GXX + AL = A)GYS + L)™'y
+A(1, @ I)(GEX + Ay

= (1, Iy — A1, ® )G + )y
+A(1, @ IN)(GEX + AUy

= 1L, ®Ly.

Since {(1, ® I,)(G*X)' + Al;,} is non-singular, Eq. (68) is
obtained, which concludes the proof. O

According to Theorem 5, it is enough to consider the
simpler Problem 6 instead of Problem 5 as long as the 2-
norm-based criterion with the 2-norm-based regularizer is
adopted as the same with the noise-free cases. Note that
Theorem 5 is consistent with the representer theorem as the
same with Theorem 4.

4. Numerical Examples

In this section, we show toy examples which confirm the
theoretical results obtained in the previous section numeri-
cally.

In order to construct the theoretical limit and the es-
timated function of multiple kernel regressors defined by
Problems 3 and 5, we have to calculate the quadratic forms
with the kernel matrix HXX or its components Hﬁlx x,» Which
can not always be obtained numerically except for finite di-
mensional RKHSs such as those corresponding to the poly-
nomial kernels. Thus, we give a reasonable way to calculate
them.

Since f (-) € Hk,, Eq. (22) can be also represented by

n
=22 PRy Cx) = Y diKi(2)) (70)

p=1 i=1 JEA
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Fig.1  The unknown true function.

with certain coefficients d;. This equation implies
GYd = (G e, (71)

where d = [dl,...,d|,\|]’ (OI' d = [d],dz,..
|A] = 00). Therefore, we have

IfOIG,, = ¢ HYe
= d'Gd = GG (G e. (72)

.] in case of

Thus, adopting Eq.(72) as ||f(~)||3{K enables us to ob-
tain actual solutions of the theoretical limit and the esti-
mated functions of Problems 3 and 5. Note that |A| > ¢n
is needed to guarantee the non-singularity of the matrix
GXZ(G%)’I(GXZ)’. Also, (G%)’1 should be replaced by
(G¥ + yIa)™" in Eq.(72) with a small positive y in order
to stabilize the solutions. We believe that this approxima-
tion framework (especially for the theoretical limit) may be
also useful for the performance evaluation of practical al-
gorithms such as an online multiple kernel regressor with
sparse dictionary [5] since comparison with the theoretical
limit is critical rather than that with the unknown true func-
tion.
Let K, be the Gaussian kernel defined by

1 (x - y)2)
expl-——%=—); (73)
V2rno ( 202
where o denotes a positive shape parameter; and we adopted

K = {Ks,,K,,} with oy = 1.0 and 0, = 2.0 as a class of
kernels in the following examples, which implies

K(x,y) = Ko, (x, ) + Ko, (x, ). (74)

We constructed the unknown true function f(-) by Eq. (26)
with randomly generated 20 pairs of z; € R and @, € R ob-
tained by the standard normal distribution, which is shown
in Fig.1. As Z in Eqgs.(71) and (72), we adopted Z =
{0.05k | k € [-200,200] < N} so that it can cover the dom-
inant part of the unknown true function with sufficient den-
sity.

K (x, !/) =

4.1 Example for Noise-Free Case

We obtained randomly generated 5 training input points by
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06 unknown true function
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theoretical limit
SKR

0.4

0.2

0

-0.2 -

04 |

-06

-0.8

A . . .
-10 -5 0 5 10

Fig.2  Results for noise-free case. The estimated functions by MKR and
SKR can not be discriminated as expected by our theoretical results.

Table 1  Obtained generalization errors.

TL MKR SKR
Generalization Error 0.0220 | 0.6709 | 0.6708

the standard normal distribution and constructed the corre-
sponding training output values by the unknown true func-
tion; and we calculated the theoretical limit of the model
space and the estimated functions of Problems 3 and 4. Fig-
ure 2 shows the training data points and those functions to-
gether with the unknown true function. The estimated func-
tions of Problems 3 and 4 are represented by ‘MKR’ and
‘SKR’ respectively in Fig. 2. Table 1 shows the actual gen-
eralization errors of the theoretical limit (TL), MKR, and
SKR, where the squared norm of the unknown true function
is 3.0284.

Table 1 numerically confirms the inequality in Theo-
rem 3 and shows that the solutions of Problems 3 and 4 can
not attain the theoretical limit. Also, Fig. 2 numerically con-
firms Theorem 4 since the solutions of Problems 3 and 4 are
almost identical. As mentioned in the previous section, only
the upper bound of the absolute error of the theoretical limit
is guaranteed to be smaller than (or equal to) that of the es-
timated function obtained by Problems 3 and 4 at any point.
Thus, there may exists an input point, where the actual ab-
solute error of the theoretical limit is larger than that of the
estimated function obtained by Problems 3 and 4 in general.
However, it is confirmed by Fig.?2 that the actual absolute
error of the theoretical limit is smaller than that of the esti-
mated function obtained by Problems 3 and 4 at almost all
of input points in this example.

4.2 Example for Noisy Case

We adopted the 5 training input points which are the same as
the noise-free case and constructed the corresponding out-
put values by the unknown true function with the zero-mean
white Gaussian noise whose standard deviation is 0.1; and
obtained the estimated functions of Problems 5 and 6 with
A = 0.01. Figure 3 shows the training data points and those
functions together with the unknown true function and the
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Fig.3  Results for noisy case with regularizer. The estimated functions

by MKR_REG and SKR_REG can not be discriminated as expected by our
theoretical results.

theoretical limit which are the same with the noise-free case.
The estimated functions of Problems 5 and 6 are represented
by ‘MKR_REG’ and ‘SKR_REG’ respectively in Fig. 3.

According to this result, we can confirm that the so-
lutions of Problems 5 and 6 are almost identical, which is
claimed in Theorem 5.

5. Conclusion

In this paper, we theoretically analyzed the 2-norm-based
multiple kernel regressors and their regularized versions
with the 2-norm-based regularizer. We also showed that
the kernel-dependent coefficient model and the kernel-
independent coefficient model are identical in both settings,
which is consistent with the representer theorem. This result
suggests the advantage of the kernel-independent model cor-
responding to the single kernel regressor with a combined
kernel, in terms of computational efficiency. Moreover, we
showed that the solution of these problems can not attain
the theoretical limit of the model space, that is, the orthogo-
nal projection of the unknown true function onto the model
space, even if the training data set is noise-free. This result
motivates us to develop a novel multiple kernel regression
framework which is better than the empirical error mini-
mization framework using the 2-norm-based formulation.
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