Chapter 1
Nonparametric Bayesian Inference
with Kernel Mean Embedding

Kenji Fukumizu

Abstract Kernel methods have been successfully used in many machine learning
problems with favorable performance in extracting nonlinear structure of high-
dimensional data. Recently, nonparametric inference methods with positive definite
kernels have been developed, employing the kernel mean expression of distribu-
tions. In this approach, the distribution of a variable is represented by the kernel
mean, which is the mean element of the random feature vector defined by the ker-
nel function, and relation among variables is expressed by covariance operators.
This article gives an introduction to this new approach called kernel Bayesian infer-
ence, in which the Bayes’ rule is realized with the computation of kernel means and
covariance expressions to estimate the kernel mean of posterior [11]. This approach
provides a novel nonparametric way of Bayesian inference, expressing a distribution
with weighted sample, and computing posterior with simple matrix calculation. As
an example of problems for which this kernel Bayesian inference is applied effec-
tively, nonparametric state-space model is discussed, in which it is assumed that the
state transition and observation model are neither known nor estimable with a simple
parametric model. This article gives detailed explanations on intuitions, derivations,
and implementation issues of kernel Bayesian inference.

1.1 Introduction

Recent data analysis often involves voluminous high-dimensional data, which may
include continuous and complex-structured variables. Classical toolboxes of statisti-
cal data analysis may not be sufficient to derive useful information or make reliable
predictions in such problems, since the methods often assume low-dimensional sim-
ple structure for data such as Gaussian distributions in Euclidean space. It is highly
desirable to develop more flexible approaches to tackle those modern data analysis.

K. Fukumizu ()
The Institute of Statistical Mathematics, Tokyo, Japan
e-mail: fukumizu@ism.ac.jp

© The Author(s) 2015 1
G.W. Peters and T. Matsui (eds.), Modern Methodology and Applications

in Spatial-Temporal Modeling, JSS Research Series in Statistics,

DOI 10.1007/978-4-431-55339-7_1



2 K. Fukumizu

Kernel methods have been developed as useful tools for generalizing linear statis-
tical approaches to nonlinear settings. The main idea of kernel methods is to embed
original data to a high-dimensional feature space, called a reproducing kernel Hilbert
space (RKHS), and apply some linear methods of data analysis for the embedded fea-
ture vectors. With this approach, nonlinear features of data can be efficiently handled
by virtue of the special way of computing the inner product, which is often called
kernel trick. Since the proposal of support vector machines, a number of methods,
such as kernel principle component analysis and kernel ridge regression, have been
proposed along this discipline and successfully applied in many fields.

The aim of this article is to review recent development of kernel methods for
nonparametric statistical inference. In the methods, the mean of the feature vector
in the RKHS is considered as a summary for the distribution of feature vectors. We
call it kernel mean. Although it might be thought that taking the mean loses infor-
mation of the underlying distribution of data, if a kernel is chosen appropriately, the
kernel mean maintains all the information of the distribution. This is possible by the
fact that the kernel mean is a function with infinite degree of freedom in an infinite-
dimensional RKHS. With this kernel mean approach, probability distributions are
expressed by the corresponding kernel means, and linear operations with Gram matri-
ces yield various algorithms for statistical inference, which includes homogeneity test
[13-15, 26], independence test [16, 17], conditional independence test [9], and
Bayes’ theorem[11]. See [29] for a gentle introduction to these researches.

This article focuses on nonparametric kernel methods for Bayesian inference. In
Bayesian inference, the sum rule, product rule, and Bayes’ rule are important building
blocks of inference procedures. The general kernel implementation of these three
rules is first presented to realize a nonparametric method for Bayesian inference. As
a basis, the conditional kernel mean is introduced and a new theoretical result on the
convergence rate of its estimator is shown. A particularly important building block is
the kernel implementation of Bayes’ rule, called Kernel Bayes’ Rule [11]. The KBR
has special properties in comparison with other methods for Bayesian computation:
(a) unlike other popular methods of computing posterior distributions such as Markov
Chain Monte Carlo and sequential Monte Carlo, the KBR computes the kernel mean
of posterior simply with linear operations of Gram matrices with no need of numerical
integration or advanced approximate inference, (b) the ingredients for the Bayesian
inference, prior and conditional probability (likelihood), are provided in the form
of samples nonparametrically. Thus, this KBR approach is a purely nonparametric
Bayesian inference.

A particularly useful application of the kernel Bayes’ rule is nonparametric state-
space model, for which sequential application of Bayes’ rule realizes filtering, predic-
tion, and smoothing. This paper particularly focuses on filtering with nonparametric
state-space models, in which it is assumed that the state transition p(x;+|x,) and the
observation model p(y,|x,;) are unknown but paired data for the state and observa-
tion variables are available for training. The detailed derivation of the kernel filtering
algorithm based on the kernel Bayes’ rule is presented.
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The purpose of this article is to explain the kernel Bayesian inference with details
together with some new results. In particular, as building blocks, kernel sum rule,
kernel product rule, and kernel Bayes’ rule are explained in detail including intuitions
and derivations. A new theoretical result on the convergence rate of the conditional
kernel mean estimator is presented using the decay rate of eigenvalues of the covari-
ance operator. Additionally, as a typical application, details on the KBR filter are
discussed including efficient low-rank approximation.

1.2 Representing Distributions with Kernel
Mean Embedding

1.2.1 Preliminary: General Kernel Methods

We first give a brief review of positive definite kernels and kernel methods. A standard
reference for readers unfamiliar with kernel methods is [28].

Given a set £2, a (R-valued) positive definite kernel k on 2 is a symmetric kernel
k : 2 x 22— R thatsatisfies positive semidefiniteness, i.e., Z?,j:l cicjk(xi,x;) >0
for arbitrary number of points x, ..., x, in 2 and real numbers cy, ..., c,. The
matrix (k(x;, x j))l’{j: | is called a Gram matrix. It is known [1] that a positive def-
inite kernel on £2 uniquely defines a Hilbert space ¢ consisting of functions on
£2 such that the following three conditions hold: (i) k(-, x) € 7 for any x € £2,
(ii) Span{k(-, x) | x € 2} isdense in JZ, and (iii) { f, k(-, x)) = f(x) forany x € 2
and f € J (the reproducing property), where (-, -) is the inner product of Z. The
Hilbert space 7 is called the reproducing kernel Hilbert space (RKHS) associated
with k.

In kernel methods, §2 is a space where data exist, and a positive definite kernel
k is prepared for §2. The corresponding RKHS J7 is used as a feature space, and a
nonlinear mapping (feature mapping) from data space §2 to the feature space 7 is
defined by

D2 —> A, x—k(,x),

where k(-, x) € S should be interpreted as a function of the first argument with
x fixed. A data is thus mapped to a function, and this functional representation
of data extracts various nonlinear features of data. From computational side, the
reproducing property provides an efficient way of extracting nonlinear features in
data analysis, without expanding the original variables with basis functions, which
causes an intractably large number of components for high-dimensional original
variables.

The traditional way of kernel methods considers the mapping of data X1, ..., X,
in the original space §2 to feature vectors @ (X;), ..., @(X,) in the RKHS, and apply
some linear method of data analysis, such as principal component analysis, to those
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feature vectors. By the reproducing property, the inner product of two feature vectors
is reduced to evaluation of the kernel, that is

(@(x), @(y)) = k(x, y).

This fact is sometimes referred to as kernel trick, providing one of the essential ele-
ments in kernel methods. More generally, given two linear combinations of the fea-
ture vectors, say f = > ;_; o;®(X;) and g = z;=1 B;®(X;), then the inner product
between f and g is given by

(f.8) = o' Gxp,

where Gy ;; = k(X;, X;) is the Gram matrix. Given that computation of an analysis
method for Euclidean data relies on the inner product among data points, the method
can be extended to a nonlinear version with the above inner products among feature
vectors. The computational cost thus does not depend on the dimensionality of data,
once the Gram matrices are computed. This is computational advantage of kernel
methods for handling high-dimensional data.

Computation with Gram matrices is obviously expensive if the sample size is
large. It is known, however, that low-rank approximation of a Gram matrix reduces
the size of the involved matrix drastically, while maintaining the approximation
accuracy reasonably. As typical methods for low-rank approximation, the incomplete
Cholesky decomposition [6] and Nystrom approximation [38] approximate a Gram
matrix G of size n to the form G ~ RRT with n x r matrix R in computational time
proportional to 7. Once the low-rank approximation is done, inversion (G + Al,)~!
can be approximated by I, — R(RTR + AI,)~'R” (Woodbury’s formula), in which
the inverse is taken for a matrix of size r. Here I, denotes the m x m identity matrix.
The merit of this approximation will be discussed in Sect. 1.4.2.

1.2.2 Kernel Mean Representation of Probability
Distributions

In the recent development of kernel methods for nonparametric inference, the mean
of the random feature vector @ (X) = k(-, X) is considered to represent a probability
distribution on the random variable X.

More formally, let (2", 84°) be a measurable space, X be a random variable
taking values in 2~ with probability distribution P on 2, and k be a measurable
positive definite kernel on 2" such that E[/k(X, X)] < co. The associated RKHS
is denoted by 7. The kernel mean my (also written by mp) of X in 7 is defined
by the mean E[k(-, X)] of the #-valued random variable @ (X).! Here, the mean

! As the kernel mean depends on k, it should be written by m];( rigorously. We will, however, generally
write my for simplicity, where there is no ambiguity.
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is interpreted as Bochner integral, which exists by the assumption E[||k(-, X)||] =

E[VEk(X,X)] < o0.

By the reproducing property, the kernel mean satisfies the relation

(fymx) =E[f(X)] (L.

for any f € .77. Plugging f = k(-, u) into this relation yields

mx(u) = Elk(u, X)] = /k(u,i)dP()E), 1.2)

which is an explicit integral form of the kernel mean.

To represent probabilities, an important notion is the characteristic property. A
positive definite kernel k is called bounded if sup, . o k(x,x) < co. A bounded
measurable positive definite kernel & on a measurable space (£2, A) is called char-
acteristic if the mapping from a probability Q on (§2, %) to the kernel mean
mg € J€ is injective [7, 8, 32]. This is equivalent to assuming that Exp[k(-, X)] =
Ex~olk(-,X")] implies P = Q by definition: probabilities are uniquely determined
by their kernel means on the associated RKHS. A popular example of a charac-
teristic kernel defined on Euclidean space is the Gaussian RBF kernel k(x, y) =
exp(—|lx — y[>/(20?)). A characteristic kernel provides a RKHS that contains a
rich class of functions so that the moments E[ f (X)] for all f € J# can identify the
underlying distribution. Various conditions for a kernel to be characteristic can be
found in [12, 31, 32].

By the unique representation property of characteristic kernels, statistical infer-
ence problems on probability distribution can be converted to the inference problems
on the kernel means, which are easier to handle by the special properties of RKHS.
This is the principle of the nonparametric inference with kernel means. Various infer-
ence methods have been proposed under this discipline. If we consider a two-sample
problem, which aims at determining whether or not given two samples come from
the same distribution, it can be cast as the problem of comparing the correspond-
ing two kernel means in a RKHS [13]. The problem of independence test can be
solved by comparing the kernel means of joint distributions and the product of the
marginals [15].

When the relation of two random variables is discussed, covariance is useful in
addition to means. In the kernel mean framework, covariance of the two feature
vectors on the RKHS’s is considered, and it is called covariance operator. More
precisely, let (27, Z4°) and (%', B ) be measurable spaces, (X, Y) be a random
variable on 2~ x % with distribution P, and k4 and kg be measurable positive
definite kernels with respective RKHS 7% and .7 such that E[k o (X, X)] < oo
and E[ka (Y, Y)] < 00.? The (uncentered) covariance operator Cyx : o — Hy

2These conditions guarantee existence of the covariance operator. Note also E[k(X, X)] < oo is
stronger than the condition for kernel mean, E[/k(X, X)] < oo; this is obvious from Cauchy—
Schwarz inequality.
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is defined by
Cyx = Elkay (-, Y) (ko (X, ), %)],

or equivalently, for f € Sy,

(Crx ) = Elkay (v, Y) f(X)] = /k@(y, W f(X)AP(X, y). (1.3)

From the reproducing property, the covariance operator is a linear operator that
satisfies
(8, Cyx f)oe = ELf(X)g(Y)]

forall f € 59, g € 7% . We also define Cxx by the operator on .7, that satisfies
(f2, Cxx f1) = E[2(X) fi(X)] for any f1, o € Hp.

The covariance operator is a natural extension of an ordinary covariance matrix:
given two random vectors Z and W on Euclidean spaces, the covariance matrix can
be regarded as a linear mapping a — E[WZ"]a. Replacing Z and W with k - (-, X)
and ko (-, Y), respectively, yields the covariance operator E[ka (-, Y){ka (-, X), *)].
Readers who are unfamiliar with the notion of operators can simply think of linear
mappings on infinite-dimensional vector spaces to grasp the general ideas in this
article.

Note also that by identifying the dual element (k2 (-, X), %) with k4 (-, X), the
covariance operator Cyy can be identified with the kernel mean myxy = E[ka (-, Y)
ko (-, X)] in the direct product % ® ¢4 , which is given by the product kernel
kaka on % x 2 [1]. This fact will be used in deriving kernel Bayes’ rule.

Given i.i.d. sample (X, Y1), ..., (X,,, ¥,) with law P, the empirical estimators of
the kernel mean and covariance operator are given straightforwardly by the empirical
mean and covariance as

R 1 n ~ 1 n
iy = ;;kgz(-,xi), iy =~ D ko (YD) @ kar (, Xo),

i=1

where 6;’;() is written in the tensor form. These estimators are known to be ./n-
consistent in appropriate norms, and \/n(i7ix — my) converges to a Gaussian process
on 9 [3].

1.3 Bayesian Inference with Kernel Means

There are three basic operations used in general Bayesian inference: sum rule, product
rule, and Bayes’ rule, which are summarized in Table 1.1. Correspondingly, in the
framework of Bayesian inference with kernel means, these operations are realized
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Table 1.1 Operations for Bayesian inference.

Density form Kernel version g = > i vika (U,
Xi, Y;)) ~P

Sum rule gz () =/P()’|X)7T(x)dx Moy = 2 wikay (-, Yy),
w=(Gx + nanln)ilGXUV

Product rule | g(x,y) = p(y|x)m(x) mg = wika (-, Xi) @ kay (-, Yj),

w = (Gx + nenly) "' Gxuy

Mo, = 2 wika (X0,
A = Diag{(Gx + neal,) "' Gxyy),
w = AGy((AGy)? + 8,1,) " AKy (Yobs)

In the kernel version, Gy = (k(X;, X;)), Gy = (k(Y;, Y})), and Gxy = (k(X;, U;))

P (Yobs[x)7 (x)

Bayestrule | aLelon) = T o (o
obs

in terms of kernel means. This section first provides an intuitive explanation for the
population version of the kernel realization, which may not be rigorous in handling
operator inversion, and then shows rigorous empirical expressions, which can be
proved to be consistent.

In the framework, each distribution is represented by the corresponding kernel
mean or its empirical estimate. An empirical estimator of the kernel mean of a
probability P is, in general, given by a weighted sum of feature vectors

fip = D wik(, Xy).

i=1

where (X;)!_, is some sample, which may not be generated by P.

1.3.1 Conditional Kernel Mean

For Bayesian inference with kernels, a basis is how to express or estimate the condi-
tional kernel mean. It is not straightforward, however, to have an empirical expression
of kernel mean of the conditional probability of Y given X. If we had many sam-
ples of Y for each value of x, we could just use the samples or their feature vectors
to represent the kernel mean of Y given x. It is unlikely, however, that we have
such conditional samples, if the variable X is continuous and random. We then need
an alternative way of expressing the kernel mean of a conditional probability. We
assume that there is a probability P with density p(x, y) that gives a conditional
density p(y|x), and we have data (X;, Y;) generated by P.
The theoretical basis of the conditional kernel mean is the following theorem.
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Theorem 1.3.1 ([7])If, for g € %, E[g(Y)|X = x] is included in 7€ as a func-
tion of x, then
CxxE[g(¥)|X = -] = Cxyg.

The proof is easy from the fact (CxxE[g(V)|X =], f) =E[g(Y)f(X)] =
(Cxyg, f) forany f € 55 . From this theorem, if Cxy is invertible, we have

E[g(V)IX = -] = CxyCx§-
Taking the inner product with k ¢~ (-, x) derives
(E[g(N)IX = 1. ko (. X))y = (Cyx Cxr& kar (. X)) ey
which implies
(8. Elka (, V)IX = x])oe, = (8. CrxCrxkar () ot
If E[g(Y)|X = -] € # holds for any g € 5, it follows that
Elkg (-, V)IX = x] = CrxCyykar (-, x). (1.4)

Since the left-hand side of Eq. (1.4) is exactly the kernel mean of conditional prob-
ability of Y given X = x, this equation provides an expression of its kernel mean
in terms of the covariance operator of the joint distribution (X, Y). Note, however,
that the above reasoning involves a strong assumption: Cxy is invertible. In fact, this
does not hold if the dimensionality of .77, is infinite and Cxy has arbitrarily small
or zero eigenvalues. This occurs in typical cases with a bounded kernel of infinite-
dimensional RKHS, since the trace of the infinite-dimensional linear map Cxy is
finite [10].

Nonetheless, from the expression Eq. (1.4), we can introduce an empirical estima-
tor of the kernel mean of p(y|x), namely, given i.i.d. sample (Xi, Y1), ..., (X, ¥»)
following the joint distribution P, an estimator is defined by

Ayxey = Co (CY + £,1) "k (-, x), (1.5)

where [ is the identity operator and &, is a regularization constant so that the operator
can be inverted. This estimator is rigorously defined and proved to be consistent to
Elka (-, Y)|X = x] under the sufficient condition in the following Theorem 1.3.2.

To describe the following convergence result, decay rate of eigenvalues is intro-
duced. The eigenvalues of a positive compact operator C are said to decay at rate b
if there is a constant 8 > 0 such that 1, < /36’17 for all ¢, where (),) is the positive
eigenvalues of C in descending order. (See [4]). The following theorem shows the
convergence rate of the conditional kernel mean estimator.
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T~he(~)rem 1.3.2 Assume that E[k(X, }~()|Y =, Y = x] € #(Cyy ® Cyy), where
(X,Y) is an independent copy of (X,Y), and that the eigenvalues of Cyy decay
atrate b (1 < b < +00). Then, with &, = n~?/@>+D),

|CH (@Y + eal) " kar (-, yo) = Elka (. XOIY = yol |, = 0p(n~"#0+D)

asn — OQ.

See the appendix for the proof. The decay rates of eigenvalues of a covariance
operator are known in some typical cases; see [36, 37]. Note that the assumption of the
decay rate of the covariance operator is related to the entropy number, and standard
in discussing the behavior of kernel regression [33]. The assumption E[k(X, X)|Y =
LY = x] € Z(Cyy ® Cyy) requires the smoothness of the conditional expectation
when the kernel is smooth such as Gaussian kernel; the range space consists of
smoother functions by the smoothing effect of the integral in Eq. (1.3). To the best
of our knowledge, the convergence rate of the conditional kernel mean in the above
form has not been presented in existing literatures.’

1.3.2 Kernel Sum Rule and Kernel Product Rule

For the sum and product rules, this subsection gives intuitive explanation rather than
rigorous convergence results. See [11] for the results.

For the kernel mean implementation of the sum rule, let I7 be a probability on
Z with density 7 (x). As in the previous subsection, we assume that there is a joint
distribution P on 2 x % with density p(x, y) of which the conditional p.d.f. is
equal to the given p(y|x). Suppose that the sum rule gives Oz with density g (),
ie.,

qa (y) =/p(y|x)n(x)dx.

The kernel mean of Qg is then given by

mo, =//k@(-,y)p(yIX)N(x)dxdy.

3Some previous literatures derived a convergence rate at unrealistic assumptions. For example,
Theorem 6 in [30] assumes & (-, yp) € Z(Cyy) to achieve the rate n~ Y4, but in typical cases there
is no function f € . that satisfies fk(y, 2) f(2)dPy(z) = k(y, yo). Theorem 1.3.2 shows that if
the eigenvalues decay sufficiently fast the rate approaches n~'/%. As a relevant result, Theorem 11
in [11] shows a convergence rate of the kernel sum rule. While the conditional kernel mean is a
special case of kernel sum rule with prior given by Dirac’s delta function at x, the faster rate (n~'/3
at best) is not achievable by Theorem 1.3.2, since the former assumes that 77/ py is a function in the
RKHS and smooth enough.
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From Eq. (1.4), we already know the (non-rigorous) expression

/ ko (- P10y = CryCtk i (- ).

Plugging this into the previous equation, we have (the population version of) kernel
sum rule:

mo,, =/nyc;;kgg(.,x)n(x)dx = CyxCympr. (1.6)

There is another way to derive Eq.(1.6) in terms of density functions. Suppose
that the density ratio 7/ py is included in 7% . From Egs. (1.2) and (1.3), we see

(x)

px(x)

mpg = /k%(~,x)7t(x)dx = /k%(',x) dPx(x) = Cxx (l),

Px

from which we obtain
C_lmn = —
XX Dx

It follows from Eq. (1.3) that

CrxCgm = CYX(Z—X) = /kg/(-, y)%dP(x, »

= //k@/(-, NpQ)mx)dxdy =mgy,,,
which agrees with Eq. (1.6).

Given a consistent estimator m 7 of my and i.i.d. sample (X{, Y1), ..., (X,, ¥,)
from P, the empirical version of the kernel sum rule is defined based on Eq. (1.6);

P =) (A 1~
Mg, = Cyy (CYy +eal)” iy (1.7)
In a Gram matrix expression, given
¢
g =Y vika (.U,
j=1

we have

n
Mgy = > Wik (L Y), w= (Gx +nedy) " Gy,

i=1

where Gy = (ko (X;, X;))ij and Gxy = (ko (X;, U;));;. The convergence of this
estimator to the true mg,, and its convergence rate are shown in Theorems 8 and
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11 of [11]. For the convergence, it is assumed that the sample size £ for the prior
increases as n — 0Q.

The kernel version of product rule can be derived as a special case of the kernel
sum rule. Consider the conditional density p(y, X|x) = p(y|x)3,(X) on the product
space % x 2, where §, is Dirac’s delta function with mass concentrated at x. Let
Q be a probability distribution on %" x .2~ with density p(y|x)w(x), i.e., the density
given by the product rule. The population version of kernel sum rule applied to
p(y, X|x) and  (x) with the product kernel then yields

mg = ///k@/(~, Y) ® kg (-, X)p(y, ¥|x)m(x)didydx = CiyxxCxym,

where Cyx)x : o — Hay @ 5y is the covariance operator for the random vari-
able (X, (X, Y)). Based on the (non-rigorous) population expression, we define the
empirical kernel product rule by

g = Cippx (Cxx + &nl) ', (1.8)

or in Gram matrix expression

fig= > wika (. Y) ® ks (X)), w=(Gx +ned) ' Groy. (19

i=1

Note that the weight vectors of Eqgs. (1.7) and (1.9) are exactly the same, while the
feature vectors or the spaces of interest are different.

1.3.3 Kernel Bayes’ Rule

As demonstrated in this subsection, by combining the kernel product rule and con-
ditional kernel mean, we can easily derive the kernel Bayes’ rule. As in the previous
subsection, let IT be the prior and P be a probability on 2" x % with conditional
density p(y|x). The distribution of the variable (X, Y) is P. The posterior distribution
given yobs is denoted by Qy|y,,-

From the expression of Bayes’ rule

p(ylx)m (x)

q(x|Yobs) = m,

we see that the posterior is simply the conditional distribution of x given y,ps with the
joint distribution Q given by the product rule. Once we have covariance operators for
0O, Theorem 1.3.1 tells how to derive the conditional kernel mean, that is the kernel
mean of posterior. The remaining task is thus to construct the covariance operators
for Q.
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Let (Z, W) denote a random variable taking values on 2~ x % with distribution
Q. Then, from Eq. (1.8),

—1 ~

~ -~ -~ 1~ ~ -~ -~
mwz) = Ciyox (Cxy +&al)” i and mww) = Ciypy (Cx +eal)” i,

where the second relation can be obtained in a similar way to the first one. Recall
that the covariance operators Cyz and Cyy are identified with the kernel means my
and myy, respectively, on the product spaces, as discussed in Sect. 1.2.2. We can
therefore obtain the estimator of 63}% and 6‘({,’;‘, from the above empirical version of
kernel product rule. Namely, when the kernel product rule provides the empirical
expressions

Mz = Zﬁik(’, Y)) ® k(-,X;) and mww) = Zﬁik(',xi) ® k(-, X;)
i=1 i—1
with
@ = (Gx + ne, 1) ' Gxyy, (1.10)

the empirical estimators of covariance operators for Q are given by

Ciy = D Tikay (- Y ko (-, X0), %), Ciggy = D Tikar (-, Yi) tkar (-, Yo, %),

i=1 i=1

Note that the coefficients to the feature vectors are the same for 6&,"% and 6‘(;,’3‘,

In applying Eq.(1.5), there is another technical point. The estimated covariance
operator a%v may not be positive definite, since the coefficients ft; are not necessarily
positive as the solution of the matrix operation Eq.(1.10). We use a more involved
regularization to make the operator inversion possible, and introduce

o~ - A~ _1/\
M0, 1y = Czw (Ciy + 8a1) " Cwwkay (-, Yobs)- (1.11)

This gives an estimator of the posterior kernel mean, and is called Kernel Bayes’
Rule (KBR).

Theorem 1.3.3 (Kernel Bayes® Rule [11]) For any yos € %, the estimator iy,
of the posterior kernel mean is given by

[ Vobs

Moy = D Wik(.X;), W= AGy(AGy)” + 8,1,) " Aky (yors).  (1.12)
i=1

where A = diag(@) is a diagonal matrix with elements [i; in Egq.(1.10), and
Ky (Yobs) = (kay (Yobs, Y1), - - -, kay (Yobs, Yn))T e R".
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It is known that under some conditions the estimator #7ig_|y,,, converges to the true
kernel mean of the posterior in probability, and an upper bound of its convergence
rate is also known (Theorem4, [11]).

The expression Eq.(1.12) takes the form of a weighted sum of feature vectors
k(-, X;), and is regarded as the kernel mean of the signed measure Z;’Zl w;8x,. The
KBR thus provides a weighted sample expression (w;, X;)7_, of the posterior. Note
again that the weights may include negative values, which is different from ordinary
weighted sample expression used popularly in importance sampling and particle
filters. Figure 1.1 illustrates the procedure of KBR.

The above estimator provides the kernel mean of the posterior, and not the posterior
itself. We need to develop methods for decoding necessary information of posterior
from the kernel mean expression. Two methods are discussed below: estimation of
expectation with respect to posterior and point estimation with the posterior.

If our aim is to estimate the expectation of a function f € %% with respect to
the posterior, the reproducing property of Eq.(1.1) gives an estimator

(fo g, ) = D Wi f(X0). (1.13)

i=1

In fact, it is known that, under some conditions, the estimator Eq.(1.13) for any
f € % converges to the expectation of f w.r.t. the true posterior, and its conver-
gence rate is also known (Theorems 6 and 7, [11]). A recent work has shown that
the consistency of D7, w; f(X;) t0 [ f(X)qxyy, (X)dx is true for a wider class of
functions than #% [19]. This fact confirms similarity of (w;, X;) in KBR to the

standard weighted sample expression.

Joint sample

Y

(Cyx, Cxx) represent
relation between X and Y

Observation y,;; ¢

X
Prior /g Posterior g,
3l lﬂ l : ﬂkﬁi s
Wurd) Xiwy)

Fig. 1.1 Kernel Bayes’ rule
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If our aim is to obtain a point estimate based on the posterior, such as MAP, we
can use a point x € £ such that the feature vector is the closest to the kernel mean
of posterior [11, 30], i.e.,

2

X =argmin [ka (-, ) = Mg, |y,
xeX

In the case of Gaussian kernel k(x, x') = exp(— 5 |lx — x'||?), from [[k(-, x)| = 1,
the above minimization is equivalent to

n
~ 1 2
¥ = arg max -21 Wi eXP(—ﬁHX — Xl )
i

which is similar to the MAP estimation, though >, w;k(x, X;) may not be a density
function.

The above optimization problem can be solved in the same manner as the pre-
image problem [24]. Taking the derivative of the squared norm in the right-hand side,
we obtain the consistence equation

S wiexp(— 55 1% — Xi11?)
S exp(—5m X — X1

X =
which yields an iterative method for solving the point estimate:

1
EC\(H_]) _ 2?21 wi CXP(_ 262 ”-/x\(t) - Xi ”2)
- 1
2z exp(— 7 X0 — X; 1)

Note that the objective function of pre-image problem is not necessarily convex and
there may be local optima. The initial point of the above iteration must be chosen
carefully. One possible method for initialization is to use the posterior mean. In the
filtering problem discussed in Sect. 1.4, the estimate in the previous time step can
serve as an initial point. Other pre-image methods [21] can be also applied to the
above point estimation problem.

1.4 Kernel Bayesian Inference for State-Space Models

We discuss applications of KBR to the sequential Bayesian inference with state-space
models. A time-invariant state-space model is defined by

T+1 T

pX, V) =7 X)) [ pulx) [ [ X1 1X0),

t=1 t=1
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where Y; is an observation and X, is a hidden state variable. The index 7 indicates time.
The conditional probability g (x,+1|x;) and p(y;|x;) are called the state transition and
observation model, respectively. With this model of time series, given Y1, ..., Y;, we
wish to estimate the posteriors p(X;|Y1, ..., ¥;). Filtering, prediction, and smoothing
refer to as the case s = ¢, s > ¢, and s < ¢, respectively. This article discusses only
the filtering problem for simplicity, while the other cases can be solved similarly.

1.4.1 KBR Filter

It is well known that, under the assumption of state-space models, application of
Bayes’ rule derives a sequential algorithm of filtering, which consists of two steps:
prediction and correction steps.

Prediction step: Given an estimate of p(x,|y, ..., y;), the conditional probability
pXi+11Y15 - - -, yr) is estimated. This is done by the sum rule,
Pty y) = /q(Xz+1Ixt)p(xz|y1, cees YA (1.14)

Correction step: Given a new observation y;, |, Bayes’ rule derives the estimate of
PXex1lY1s - - - Yer1) With the prior p(x;4+1|y1, - .., yr) and likelihood p(y;|x;),

POt Xe D) Pt |y, oo s Y1)
J POt X)) PGt Iy, - Y dx

p(-xt+1|y11""yt+1): (115)

If the state transition and observation model are given by linear mapping plus
Gaussian noise, Kalman filter is the well-known filtering procedure. If they are written
by known nonlinear dynamics, nonlinear extensions of Kalman filter, such as the
extended Kalman filter (EKF) and unscented Kalman filter (UKF, [35]), are popular
choices. In more general setting, given the state transition and observation model are
known upto constant, the particle filter or sequential Monte Carlo [5] gives a weighted
sample expression of the sequential update. These methods, however, require the
precise knowledge on the functional form of the state transition and observation
model, and not applicable unless they are known.

The KBR can be effectively applied to inference with the nonparametric setting
of state-space models. In the nonparametric state-space models, it is not assumed
that the conditional probabilities p(Y;|X;) and g (X;+1|X;) are known explicitly, nor
estimated them with simple parametric models. Rather, it is assumed that training
data (X1, Y1), ..., (X741, Y741) are given for both the observable and state variables
in the training phase. In the testing phase, the state x; is inferred based on a dif-
ferent sequence of observations yi, . .., y; without knowing the corresponding state
variables.



16 K. Fukumizu

In the training phase, given the training sample, the observation model p(y;|x;)
and the state transition q(x,ﬂ |x;) are represented usmg the empmcal covari-
ances operators*: ny =z Zl 1k (L Y) @ka (-, X)), ny =z Zl Vo (1Y) ®
ko
(. Y), Cxx= % ziTzl ko (-, Xi) ® kg (-, X;), and Cx, x = % ZiTzl ka (-, Xit1)®
ko (-, X;). In practice, we compute

Gy = (kx(Xi, X)I Gy = (ky(Y;, Y

and Gxx,, = (kx(X;. Xj 1))} 1.

i,j=1" i,j=1°

where Gxy,, is the “transfer” matrix.

In the testing phase, given new observations yy, .. ., Y, the prediction and correc-
tion steps are kernelized. Suppose we already have an estimate of the kernel mean
of p(x;|y1, ..., y;) in the form

T
ﬁll\)fl”’lannj’z = Zagt)k%(v XY)»

s=1

where ozi(’) = ai(’)(jq, ..., Yy) are the coefficients at time ¢. For the prediction step

(1.14), we can simply apply the kernel sum rule (1.7) to estimate the kernel mean of
Pyt Ys - oos Vo)

T
) -1 —. 37 gD
M55 = Cyox (Ciy + 671) g, 5 =2 D By VG, Xj40),

where BTV = (Gx + Terlr) 'Gxa®, (1.16)

In(t?e cor(re)ction step (1.15), the kernel Bayes’ rule first computei r)’ﬁ (y,+])c(t+)1)\ Froendy =
n n ~(n ~(n —1
C(YX)X(CXX +erD) " My, = Ciyy)x(Cxy +erl)
My, (5.5 of which the coefﬁ01ents are given by

.......

't = (Gx + T8T1T)71GXX+|/3(I+1)7 (1.17)

and next takes the conditioning, which yields
a D = ACVGy (AVGy)? +0rlr) T AV ky i), (118)
where ACHD = diag(u{*", ..., u*"). Equations (1.16)~(1.18) describe the

sequential update rule of the KBR filtering. The initial estimate n’iill)m =>", afl)
k(-, X;) can be computed by applying the KBR. We can also use the estimate of the

4Although the samples are not i.i.d., we assume an appropriate mixing condition and thus the
empirical covariances converge to the covariances with respect to the stationary distribution as
T — oo.
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Table 1.2 Algorithm of the KBR filter
Input: Training data (X1, Y1), ..., (X7, Y7), regularization constants er, 87, kernels ky, ky.

Training phase:
e Compute Gy = (kx(Xi,Xj))Zj:p Gy = (ky (Y3, Y,-))Z,-:,, Gxx,, = (kX(Xian+l)){j:1~
Testing phase:
e Compute the initial estimate o) given ;.
eFort =1,2,...,given y;11, do the following
L. BUHD = (Gx + Terlr) ™' Gxa®.
2. 4D = (Gx + Terlr) ™ Gxx,, B+, AUTD = Diag(u+D).
3. 0+D = A(’“)Gy((A(’“)Gy)z +8TIT)_1A(’+1)kY(§z+1)

conditional kernel mean E[k(-, X)|Y = y;] if the prior 7 (X)) is not available. The
computation for the sequential filtering is summarized in Table 1.2.

Applications of the KBR filter to artificial data and camera-angle estimation prob-
lems are shown in [11], which demonstrates favorable performance of the KBR filter
in comparison with other methods.

1.4.2 Discussions

The matrix inversion (Gx + TezI7) ™' can be computed only once before the testing
phase, while ((A“TVGy)? + 8717) ™" must be computed every time step in the testing
phase, since it depends on /2! Direct matrix inversion would cost O(T?), which is
not feasible for large 7. Substantial reduction in computational cost can be achieved
by low-rank matrix approximations such as incomplete Cholesky factorization. Given
an approximation of rank  for the Gram matrices and transfer matrix, the Woodbury
identity yields the computation costs just O(T'r2) for each time step. In fact, let Gx ~
RxRY, Gy ~ RyR}, and Gxx, ~ AXB§+ be the low-rank approximations, where the
rank of Ry, Ry, Ax and By, is r at most. It is easy to see from the Woodbury identity
that

1
B ~ T—{RXR,T(a(’) — Ry(RYRx + Terl,) " (RyRx)Rya "},
Er

1
~—{AxBL, B — Re(RYRy + Terl,)™ (RAx) By p**"},
T

1D &
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and

Q) ~ Si{A<f+“RYR£A<’“)kY(%H)
T
— A“DRyHy (H} + 571,) " HyRy A" Vky (r41)]}.

where Hy = R} AY*DRy (r x r). Since A“*Y is a diagonal matrix, all of the above
computation can be done at the cost O(Tr?).

For the nonparametric state-space models, where training data are given as in the
KBR filter, an alternative method is the conditional density estimation, including
kernel density estimation or partitioning of the space [25, 34]. It is known, however,
that these estimators have low estimation accuracy if the dimensionality is more than
several. Empirical studies have shown that the KBR approach gives better estimation
accuracy than the density estimation approach for large-dimensional cases; see [11].

Another possible Bayesian method for the nonparametric setting is Gaussian
processes. An advantage of Gaussian processes is that one can use standard tech-
niques of Bayesian inference such as hyperparameter selection with the marginal
likelihood. Also, direct computation of the posterior is possible. On the other hand,
the obtained posterior is unimodal by the nature of Gaussian distribution so that it
may not be suitable for problems where multimodal posteriors are essential [22, 23].
In addition, since Gaussian processes are basically a model with univariate response,
it is difficult to handle the correlation among a large number of response variables.

A possible limitation of the KBR filter is the assumption that training data exist
including the state variable. While one might think it unrealistic, there are indeed
some problems where one can obtain training data. One of such cases is expensive
measurement: although one can observe the state variable, the measurement is very
expensive, and one wishes to use a limited number of training data for inference.
For instance, in sensor-based localization problems, pairs of sensor and location data
can be once measured with some expensive devises and used for location estimation
based solely on new sensor information [18, 27]. Another situation is that states are
observed with considerable time delay. In this case, we can use the observed state
variables for training, but the current state variable is not known and to be estimated.

Itis true that performance of any kernel methods depends on the choice of a kernel.
Additionally, in the KBR there are two regularization parameters to be chosen as
hyperparameters. In the KBR filter, since we have training data for state variables,
we can evaluate the prediction accuracy and thus use the validation approach by
dividing the training data into the data for training and evaluation. This method for
hyperparameter choice has been successfully used in the filtering applications of
KBRin [11, 20].

This article discusses only the fully nonparametric setting of state-space models;
both of the state transition and observation model are unknown and estimated non-
parametrically. There are, however, semiparametric situations, where one of them is
known. Consider vision-based robot localization problems, where the state x, is the
location and orientation of a robot, while the observation y, is a movie image taken
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by video camera mounted on the robot. In this case, it is easy to provide a reasonable
parametric model for the dynamics of robot move. On the other hand, the observation
model from the location/orientation to the image is too complex and environment-
dependent. It is thus preferable to apply a nonparametric method based on data for
this observation model. Since the kernel method is purely a nonparametric method
expressing the information with Gram matrices, it is not straightforward to combine
the kernel Bayesian approach with parametric models. Reference [20] has proposed
the kernel Monte Carlo filter, which is a combination of sampling and KBR method
for the semiparametric situation, and demonstrated the preferable performance of
the proposed method for the vision-based robot localization problem.

1.5 Conclusions

This article has provided detailed explanations of recently proposed kernel mean
approach to Bayesian inference. The basic ideas, intuitions, and implementation
issues have been discussed in details. A new result on the convergence rate of the
estimator of conditional kernel mean has been also presented. As an application of
the KBR approach, nonparametric state-space models are discussed focusing the
algorithm and efficient computation.

Acknowledgments The author has been supported in part by MEXT Grant-in-Aid for Scientific
Research on Innovative Areas 25120012.

Appendix: Proof of Theorem 1.3.2

First, we show a lemma to derive a convergence rate of conditional kernel mean.

Lemma 1.5.1 Assume that the kernels are measurable and bounded. Let N (g) .=
Tr[Cyy(Cyy + )~ and &, be a constant such that &, — 0 as n — oo. Then,

cw -1 1 N(sn)
H (Cyy — Cyy)(Cyy +&,1) H =0, +
Enn Eqpn
and
Cyy -1 1 N(en)
H (Cxy — Cxy)(Cyy + &4l) H =0, +
Epn Epn

asn — OoQ.
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Proof The first result is shown in [4] (page 349). While the proof of the second one
is similar, it is shown below for completeness.
Let &,, be an element in % ® 5 defined by

£y = {(Cyy + &) 'k (. )} ® k().

With identification between Hy ® .57 and the Hilbert—-Schmidt operators from
o t0 Koy,
Eléyx] = (Cyy + &)™ Crx.

Take a > 0 such that k(x, x) < a? and k(y, y) < a?. It follows from || f ® g| =
I fIIlgll and [|(Cyy + e,1) "'l < 1/e, that

1 2
€yl = | (Cyy + &) "'k G W) |G 0) | < S—Ilk(-, DIHEC, )] < Z—,

n

and

Elléxx |2 = E|{(Cry + ea]) k(. 1)} @ k(- X)|?
= ElkC, X1 | (Cyy + &) 7'k, 1))
< AE|(Cyy + &) k(- V)|
= a’E((Cyy + &) °k (-, ¥), k(.. 1))
= a’ETr[(Cyy + &) 2 (k(-, Y) @ k(-, )]

= a’Tr[(Cyy + &) *Cyy]

a’ 1 a?
=< S_Tr[(CYY + &) 'Cry] = 8_N(€n)'
n n

Here k(-, Y)* is the dual element of k(-, Y) and k(-, Y) ® k(-, Y)* is regarded as an
operator on .77 . In the last inequality, (Cyy + &,I)~" in the trace is replaced by its
upper bound sn’l[. Since % Z?zl(ny + snl)’lé‘y/.xi = (Cyy + 8,,1)’16;’)?, it follows
from Proposition 2 in [4] that foralln e Nand 0 < n < 1

o

(Cyy + &)"'C — (Cyy + &)™ Cyx

2a? a’N(e,) 2
=2 + . ———)log—) =,
n

ne, o)

which proves the assertion. O
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Proof of Theorem 1.3.2 First, we have

|C @Y + eal) " ke (-, yo) — Elkar (-, XOIY = yol| .,
< [CHC + D) kar (-, o) = Cxr (Cry + 8a]) 'k (30 e, (1.19)
+ [|Cxy (Cyy + ea) "k (-, yo) — Elka (-, X)|Y = yo]”%%- (1.20)
Using the general formulaA~' — B! = A~!(B — A)B~! for any invertible operators
A, B, the first term in the right-hand side of the above inequality is upper bounded by
| (€5 — Cxon(C) + &) ks (- 30) Ly,
+ [ Cxr (Cry + 8ul) ™ (Cry = CEVCYy + 8aD) ke (- 30) |y,
<| € — @ + D] |
1
Ven

kay (5 30) | 4y,

+ —lCxx I (€3 = C) T + &)™ [k . 30) |y, -

where in the second inequality the decomposition Cxy = C,l(é(ZWXyC%,Z with some

Wyy @ Koy — o (||[Wxy|l < 1) [2] is used. It follows from Lemma 1.5.1 that

1CH () + eaD) ™"k (-, ¥0) — Cxy (Cyy + £aD) "k (-, y0) ll sy

1 [NG.
=0p(en“2[—+ (8)}),
) )

as n — oo. It is known (Proposition 3, [4]) that, under the assumption on the decay
rate of the eigenvalues, N(¢) < bb—fls’l/b holds with some 8 > 0. Since 8;3/211’1 <

Iy
e, ?n~Y2forb > 1 and ne, — oo, we have

[CH () + D)™ kar (-, ¥0) — Cxy (Cyy + £aD) "k (-, Y0 ll e
_1-1
~0, (anl an—‘/z) . (1.21)

asn — o0. ~ 3
For the second term of Eq. (1.19),let ® := E[k(X, X)|Y =, Y = %] € Z(Cyy ®
Cyy). Note that for any ¢ € 7% we have

(Cxye.Cxye) = E[k(X, X)p(Y)p(Y)]
= E[E[k(X.X)|Y, YIp(M)e(Y)] = (Cyy ® Cry)O, ¢ ® ¢) sy 00 -
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Similarly,

(Cxr@, E[k(-, X)|Y = Yol) s,y = (E[k(X, X)|Y = Y0, Y = %], Cyyop) 2
= (I ® Cyy)O, k(-, yo) ® ¢)%J®%]-

It follows form these equalities with ¢ = (Cyy + &,1) 'ka (-, yo) that

_ 2
|Cxv (Cyy + &) ™"k (-, y0) = Elkar (. XIY = 3ol
=({(Cyy + &)™ Cyy ® (Cyy + &,) "' Cyy — I ® (Cyy + £,1) ™' Cyy

- (CYY + 8n1)_1CYY ® 1 + 1 ® I}@’ k?](, yO) ® kd](*’ YO)>JﬁJ®J««fO]~

From the assumption ® € Z(Cyy ® Cyy), there is ¥ € #5 ® % such that ©® =
(Cyy ® Cyy)¥.Let {¢;} be the eigenvectors of Cyy with eigenvalues A > 1, > - --0.
Since the eigenvectors and eigenvalues of Cyy ® Cyy are given by {¢; ® ¢;};; and
LiAj, respectively, with the fact (Cyy + &,1)~' C3y¢: = (A?/(1 + A;))¢; and Parse-
val’s theorem we have

H{(Cyy + &)™ Cyy ® (Cyy + &) ™' Cyy — I ® (Cyy + &)~ Cyy

— (Cyy + &) ' Cyy ®1+1®I}@Hﬁy®%@
2

_z{ Sy ATh; Aidj +“L}2<¢ ® . W)
ey )\,-+en)\,-+sn Mten At P TEETR T Aoy

2
4 2 4 2
E i is V) ey =g, ¥ ;

which shows

| Cxr (Cyy + &)k (-, yo) — Elkar (, XOIY = ol ,,, = O(en).  (1.22)

—b/(4b+1)
[m}

By balancing Eqgs. (1.21) and (1.22), the assertion is obtained with ¢, = n
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