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List of symbols

N, Ny, Z, R, C - sets of natural, NU{0}, integer, real and complex numbers
R? - d-dimensional Euclidean space, R? =R x --- x R

B(R?) - g-algebra of Borel subsets of R?

|z| - absolute value of a real or complex number z

|| flloo = sup, | f(x)| - supremum norm of function f

|1 X]| = (E|X|P)'/% - Ly norm of random variable X

Ly, Ly - the class of Ly or L, integrable random variables

B(R%), B(C?) - set of bounded real functions over R C¢

Cy(R?), Cy(CY) - set of continuous and bounded functions over R4, C?
d(X;) = 6, (dx) - the Dirac measure determined by X;(w) = x;

K; 1(A, ;1) - transition kernels of a Markov process for ¢ > 1
9¢(y¢|x4) - conditional densities of an observation process

7ot - conditional distribution of states X, given observations Y7,
¢ - marginal conditional distribution of X; given observations Y.
(1)+ = max{0, -} - positive part

||| = (320, #2)'/2 - the Euclidean norm of vector & € R

|f1| - Ly norm of real function f, i.e., ||f|| = ([ f(z) dx)/?

(w,x) = ijl wjx; dot product of vectors w and x from R?

L1(RY), Ly(R?) - the class of L;(R?) or Ly(R?) integrable real functions
N (1, 0?) - univariate normal distribution

N (e, X) - multivariate normal distribution

I, - unit matrix of size d € N

||A||spe - spectral norm of matrix A
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1. Introduction

The research on description and control of dynamical systems constitutes a
broad and live area. In the deterministic setup it is tightly connected with the
development of calculus and solution of systems of generally partial differential
equations. The level of rigor reached in the probability theory in 30-ties and
40-ties of the last century brought a strong theoretical background into the area
of description of stochastic dynamical systems. An eruption of new ideas and
powerful algorithms (e.g., Shannon’s information theory, Bellman’s dynamic
programming, Kalman filtering, etc.) was tightly related to ongoing advances
in semi-conductor industry in 50-ties and massive space research in 60-ties.

70-ties and generally the last third of 20-th century is marked by an enormous
increase of computational power in terms of efficiency and costs of compu-
tation. This progress enables to maintain and process huge portion of data
monitored and collected from processes of interest. Computers allow the ap-
plication of mathematical methods which yield reasonable results only when
a brute computational power is employed. Moreover, new paradigma have
emerged based on the possibility of massive computer simulations.

Monte Carlo methods (MC methods) are empirical, but theoretically well-
founded methods of convenient representation and manipulation of integral
characteristics of complex measures which are hard to be processed analytical-
ly. MC methods rest on the strong law of large numbers which guarantees the
soundness of their use. Basically, MC methods enables an effective computa-
tion (with a help of a computer) of integral characteristics of random variables
of complicated distributions by generating samples from these distributions
and averaging them to approximate related theoretical values.

The nonparametric density estimation is today well-established area of mathe-
matical statistic. Basic works date back to 50-ties and 60-ties. A typical setup
of the problem is that we are provided by a sample of data without apriori
knowledge on the distribution driving the sample and we want to represent this
distribution in terms of a density. Originally, these approaches were based on
studying histograms of empirical data, but these as nonsmooth objects were
replaced by kernels, which results into what is now known as kernel methods
of nonparametric density estimation.

In practice, stochastic processes are of great interest to researchers as they are
able to accommodate stochastic behavior of real dynamic systems. Of course,
a certain level of simplification has to be applied when stating assumptions



on modeled systems. In the basic setup, a dynamic system evolves in discrete
time steps and therefore the relevant stochastic process is considered as a chain.
Markov chains are one of the most theoretically elaborated processes so it is
natural that the application of Monte Carlo methods is studied in this context.
The related research falls into the area of so-called particle filters.

In particle filters, empirical measures represented by groups of samples are gen-
erated sequentially to simulate time evolution of theoretical measures struc-
turally assumed to form a Markov chain. Sequential Monte Carlo methods
(SMC methods) enable to generate samples in an effective way when previous
samples are parts of actual samples and a computational effort is reduced.
However, the sequential setup brings new questions on convergence of result-
ing empirical measures and corresponding integral characteristics as a direct
application of the strong law of large number is not possible here due to time
evolution of a filter. These questions were solved successfully in terms of the-
orems proving the weak convergence of empirical measures to their theoretical
counterparts, but what about the related densities?

To be precise, is there a constructive way how to create convergent approxi-
mations of densities of theoretical distributions we are interested in? This is
the question which motivated my work presented in the thesis.

1.1 Motivation

In Monte Carlo methods one knows the probabilistic structure of a problem and
wants to generate data according to this structure in order to compute integral
characteristics of its interest. In a density estimation problem, we encounter
the reverse task as we have empirical data at our disposal, but we do not
know their probabilistic structure in terms of a density of their distribution.
Knowing the density of a distribution is worth because it enables a convenient
manipulation with the distribution, especially if the density representation has
a suitable form as it is the case for kernel estimates. The canonical example
when densities are employed is the computation of conditional expectations
serving as regression functions.

The reason for employment of SMC methods is that they produce empirical
distributions representing in limit case some theoretical distributions of inter-
est. In the context of particle filters these theoretical distributions are called
filtering distributions. The representation in the form of an empirical measure
is suitable for computation of integral characteristics, but for other purposes it



would be worth to have also analytical representation in the form of a density.
We are not able to state the density of a filtering distribution apriori - actually,
this the reason why we employ SMC methods - but we can do it posteriori on
the basis of created empirical distributions by means of nonparametric kernel
density estimation.

It may seem that forming a kernel density estimate of a filtering distribution
constitutes two consequent but independent tasks, however, this is not the
case when the sequential setup of SMC methods is taken into account. The
reason is that samples lose i.i.d. character during time evolution of a filter and
therefore a research has to be taken on the behavior of kernel density estimates
in the SMC context. The following questions are relevant here:

e Do kernel density estimates for SMC methods converge to the theoretical
densities of related filtering distributions even though that the estimates
are not based on i.i.d. samples?

e If so, what is the rate of convergence with respect to the number of
samples employed?

e What is the effect of time evolution on the error of estimates.

e Finally, what is the relationship between the properties of Markov chain
underlying a filter and the properties of the kernel underlying the esti-
mate in order to the error of estimate can be established in a reasonable
way?

The answers to the above questions represent the results of my study of com-
bination of sequential Monte Carlo methods and kernel methods of nonpara-
metric density estimation in the context of particle filters.

1.2 Structure of the work and main results

The thesis comprises of five chapters. After the first introductory chapter,
Chapter 2 overviews the basic theory of Monte Carlo methods designed to work
in the sequential setup. Mathematical backgrounds and algorithmic descrip-
tion of SMC methods when working in the particle filters context is presented.
The special emphasis is put on the review of convergence results for this class
of algorithms.



The chapter, as the overview one, is primarily written on the basis of compre-
hensive book by [Doucet et al. 2001], especially its theoretical part. Explana-
tions and descriptions presented in journal papers [Crisan and Doucet 2002;
Andrieu et al. 2010] were employed as well. The theory of particle filters is
presented at the basic level in [Fristedt et al. 2007].

Chapter 3 summarizes basic results obtained in the area of kernel density esti-
mation. The chapter starts by inspection of histograms and follows historical
path of generalization to kernel methods. Univariate and multivariate methods
are treated separately. The discussion is provided on the behavior of asymp-
totic error of approximation in both cases. The important part of the chapter
is formed by the section related to the Fourier analysis of kernel estimates as
the referred results are employed in our own research.

Classical works in the field of nonparametric estimations were used to compile
Chapter 3. These are textbooks of [Silverman 1986; Tarter and Lock 1993]
and [Wand and Jones 1995]. Multivariate kernel estimation is widely treated
in [Scott 1992]. The Fourier analysis section is based on the book by [Tsybakov
2009].

The fourth chapter consists of main results of the thesis. First, there is proved
the theorem showing that convergence of kernel density estimates to the the-
oretical densities of filtering distributions is retained. The rate of convergence
with respect to the number of employed samples is quantified altogether with
the description of time evolution of related error. Further, there is investigat-
ed the relationship between properties of Markov chain underlying the filter
and the order of the kernel underlying the density estimation. Finally, exact
and approximate bounds on the value of the certain normalizing integral are
discussed as the integral affects the value of the error of density estimate.

Chapter 5 constitutes the experimental part of the thesis. In this part results
of simulations performed with SMC methods are presented and compared with
results obtained by Kalman filtering. The MATLAB® computational environ-
ment was employed for this purpose.

The thesis is concluded by Chapter 6 summarizing the performed work and
obtained results in the context of the assignment of the thesis.



1.3 Notation and typography

The mathematical symbols employed through the thesis are summarized in the
related list. Special symbols and notation are defined and mentioned before
they are used for the first time.

Through the thesis, italic is used to emphasize new or important concepts.

Definitions, theorems and lemmas are also typeset in italic. The ends of proofs
are denoted by the O symbol.

The program codes written in the MATLAB® scripting language are printed
in the monospace font.

The thesis is typeset in EITRX2., MiKTeX 2.9 distribution, using standard
Computern Modern Fonts with several enhancements, especially ApS-ETEX
mathematical symbols.






2. SMC methods

In this chapter we review the basics of sequential Monte Carlo methods (SMC
methods), their application in the area of particle filters and we focus on rel-
evant convergence results. We start by recalling the general idea of Monte
Carlo methods (MC methods). Then we introduce the technique of impor-
tance sampling and its sequential version to enhance and make comfortable
the application of MC methods in sequential setup. Incorporating the re-
sampling step finishes the specification of the work of SMC methods. The
algorithmic form of the specification is provided as well. Finally, we discuss
the concept of particle filters which represents one of the most prominent areas
of application of SMC methods. We show that the application of SMC algo-
rithm is correct in the sense that increasing the number of samples (particles)
leads to convergence of empirical measures and integrals to their theoretical
counterparts.

In the review we follow the standard literature in the field. We have main-
ly employed [Doucet et al. 2001] and [Crisan and Doucet 2002; Andrieu et al.
2010; Fristedt et al. 2007].

2.1 Monte Carlo methods

Very roots of Monte Carlo methods stem from the strong law of large numbers
(SLLN). As it is well-known, the law guarantees under certain assumptions that
integral characteristics of a random variable can be approximated by averaging
over empirical samples from its distribution. In the limit, the approximations
coincide with the theoretical characteristics if the number of samples goes to
infinity.

The reference to the city of Monte Carlo points out the process of random
sampling, which constitutes the heart of the methods, in a reminiscence to
random sampling a roulette wheel and to the location of the world’s most
famous casino established in Monaco in the second half of the 19-th century.

The statement of SLLN for a sequence of independent identically distributed
(i.i.d.) random variables reads as follows.



Theorem 2.1. (Kolmogorov’s SLLN) Let {X,,,n > 1} be an i.i.d. sequence
of random wvariables and set S, = Z?:l X;. There exists ¢ € R such that

X,=8,/n—>c as.

n—o0

iff E(]X1|) < oo in which case ¢ = E(X7).

Proof. See [Resnick 1999], p. 220.

As a corollary, for a Borel function f: RY — R, d € N, and an i.i.d. sequence
of d-dimensional random vectors {X;}°,, we have that if E[|f(X;)|] < oo, i.e.,
if f(X1) € Ly, then

Zf ) —— | f(X1)dPx, = I(f) as. (2.1)

n—o0

and if further E[f(X1)?] < oo, i.e. if f(X}) € Lo, then

n—o0

%Z(f(Xz) - lcn(f))2 — wvar(f(X;)) as. (2.2)

Formula (2.1) says that integral characteristics of X; for an integrable func-
tion f can be computed by means of random sampling from distribution of X;.
Similarly the variance of f(X;) can be approximated by the sample variance
with the desired convergence property as the number of samples goes to infin-

ity.

Approximation I,,(f) is a random variable with the expected value E[f(X7)].
Thus, I,(f) represents an unbiased consistent estimate of the corresponding
expected value. Under the assumptions of the above corollary, the distribution

of the estimate is asymptotically normal due to the central limit theorem,
[Resnick 1999], p. 312,

Vi (L(f) = 1(f)) —— N(0,var(f(X1))). (2.3)

n—oo

Formula (2.1) can be reformulated in the framework of application of empirical
random measures. Having a realization of an i.i.d. sequence {X;(w) = x;}2,
for z; € R%, we can associate each group of samples z1,...,x, with the em-
pirical measure given as the uniformly weighted sum of corresponding Dirac

measures
Z 8y, (dz) Z 5(X (2.4)



The second expression points out the random character of ¢, (dx). Integration
with respect to this empirical measure brings the entity

[ @ ddn) = £ 3 560 = L6 (2:5)

i.e., the same approximate integral I,,(f) as in (2.1).

Concerning in (2.1) all continuous and bounded functions on RY, i.e., f €
Cy(RY), we get from the assertion of SLLN the weak convergence of empirical
measures 0, (dz) to the distribution of X, a.s. [Billingsley 1995]. That is why
we will treat d,(dz) empirical measures as approximations of the distribution
the samples are taken from.

Due to the above reformulation, Monte Carlo methods can be understood
primarily as the tool for approximation of distributions of random variables
and only subsequently as a tool for approximation of integral characteristics of
these distributions. Integral characteristics are then obtained via integration
with respect to the presented empirical measures. Integrals, which are in
fact sums, then converge with the increasing number of samples to theoretical
entities.

An important observation is, that when using MC methods the dimensionality
does not play negative role. This is very important because the curse of dimen-
sionality makes serious problems in different branches of applied mathematics.
Of course, the employment of SLLN as a limit law needs computational ef-
fort, but this is linear in number of samples, not exponential with increasing
dimension.

The crucial assumption for using MC methods is that we are able to generate
i.i.d. samples from the distribution of a certain random variable. An elegant
approach which transforms the problem of sampling from a given “possibly
weird” distribution to sampling from a “comfort distribution” is addressed in
the next section.

2.2 Importance Sampling

The idea of importance sampling deals with the problem of how to sample
from a given distribution 7(dx) possessing a density with respect to a certain
basic measure. Typically, the basic measure is the corresponding (in sense of



dimension) Lebesgue measure. We denote the density of w(dz) by p(z), i.e.,
m(dx) = p(z) dx.

In what follows, we will not associate distributions with concrete random vari-
ables anymore. As a consequence we further denote distributions by small
Greek letters, e.g., m(dx), instead of Px. Relevant densities will be then de-
noted by small Latin letters, e.g., by p(z).

In real applications, it is a common case that the density and consequently
the distribution is specified only up to a positive normalizing constant. This
fact is reffered to by the standard notation p(x) o p*(z) or 7(dx)  7*(dz),
where p*(z) and 7*(dx) are known unnormalized density and distribution,
respectively. Denoting the normalizing constant Z, Z > 0, we have p(x) =
Z7p*(z) and 7w(dx) = Z7'n*(dx).

The main idea of importance sampling is instead to sample directly from the
distribution of interest m(dz), which is from some reason uncomfortable or
even impossible, to sample from the other so-called proposal distribution (or
importance sampling distribution) where we are able to do this. A proposal
distribution is again considered to be characterized by its density with respect
to the basic measure. We denote this density by ¢(x). A technical condition
is that if p(x) > 0 then also ¢(z) > 0.

If p(x) is specified, i.e., the normalizing constant is known, we have for any
function f which is integrable with respect to m(dz),

:/f(x) dx—/f % dz. (2.6)

However, if p(x) is known only up to a normalizing constant, then the formula
is extended to

T flx - dx
= [swwerar = [ 102 qte) e - Bl ) @

q(z) [ pq(ﬁf))

Clearly, the unknown normalizing constant is replaced by the term in the
denominator.

Further, defining w(z) = pq*((j)), we obtain (2.7) in more compact form of

[ fx)w(x) )dx
fw z)q(z

where w(z) are known as the importance weights.

Ex[f] = (2.8)

10



If we are able to sample from ¢(z) then the problem of specification of E,[f]
can be considered as an instance of MC methods for function f(z)w(x) and
density g(z). The MC estimate of E,[f] writes as

=R

where w(z;) are normalised importance weigths computed as

gx” =3 S (2.0)

w(z;)

2?21 w(r;)

w(z;) = (2.10)

The price we pay for the unspecification of a normalizing constant is that we
compute the ratio of two approximations which results in a no more unbi-
ased estimate. However, as pointed out in [Doucet et al. 2001], asymptotically
SLLN still applies, i.e., fn(f) — E;[f] a.s., as n — 00, and also the convergence
rate is still independent of the dimension.

Formula (2.9) can be again reformulated in terms of application of an empirical
measure. Having an i.i.d. sequence of samples from a proposal distribution
with density ¢, then defining

n n

Fol(dr) = @(x;) 6y, (da) =Y W(X;) 6(X;) (2.11)

i=1 i=1

we get T,(dz) as a non-uniformly weighted sum of Dirac measures, which is
again a random measure. It is a probability measure because ), w(xz;) = 1.
Formula (2.9) can be then rewritten as the integral of f with respect to measure
Tn(dx) because

/ F() ) = 3 @) f ) = L), (2.12)

1=

The presented importance sampling technique shows the practical way how to
compute approximations of integrals with respect to distributions which we are
not able to sample from directly. At the basement, there is an approximation
of the distribution of interest by a non-uniformly weighted empirical measure.
In the following section we show how this technique can be enhanced when a
sequence of integrals and therefore measures is needed to be computed and how
the basic importance sampling method can be redesigned to fit the sequential
setup.

11



2.3 Sequential Importance Sampling

The sequential setup of the importance sampling method is related to the
problem of computing MC approximations with respect to a sequence of prob-
ability spaces of incrementing dimension. An effort here is to somehow beat
the curse of dimensionality which is manifested by exponentially increasing
number of required computations. The problem can be tackled by assuming
certain structural relations on evolving spaces.

Let us consider a sequence of measurable spaces {(E, &),t € Ny}, such that
(Eo, &) = (E,E) and (Ey, &) = (Bi1,&-1) @ (E,E) for t > 1. Further we
assume the existence of a related sequence of probability measures m; speci-
fied on (E:, &). Thus, we finally consider a sequence {(Ey, &, m),t > 0} of
probabilistic spaces of increasing dimension as t increments.

Our aim is to build up sequentially approximations of m;, denoted by 7, im-
plemented as empirical measures and determined by random samples from
appropriate proposal distributions.

The standard choice of (E, &) is (RY, B(R?)), i.e., E corresponds to the d € N
dimensional Euclidean space and £ to its Borel sigma-field. Incrementing t we
have E; = (R = R¥U+D and & = ®¢_, B(R?Y) = B(R¥+Y). Elements of
E, = R¥*D will be denoted z..

We assume that measures m(dzg;) admit densities p(zo) with respect to
the Lebesgue measures (AL ie., m(dvos) = pi(xoy) dvos. The densities
p(zo4) are assumed to be known up to normalizing constants Z;, pi(zo.) =

Zglp:(xo:t)a pt(xO:t) X p;‘,k (Io:t>-

For fixed t, the approximation 7}'(dx¢.) of m(dzg,) follows the importance
sampling formula (2.11). For a given sample {X{,}"; (from now on we use
the lower index to reflect the order in the sequence and the upper index for
indexing individual samples i or to reffering to the number of samples n) we

have
n n

7y (dzo) = Z fﬁ(a:é:t) 5xg:t(dl’o:t) = Z{E(Xé:t)d(Xé:t)‘ (2.13)

i=1 i=1

The idea of sequential setup is to somehow reuse samples X¢, ; when moving
one step ahead to index ¢ without increasing the computational effort due
to the move to the higher dimension as ¢ increases. More specifically, the
sequencing is based on the decomposition of proposal distribution to a stream
of conditional distributions. That is, we assume that density ¢;(xo.) can be

12



decomposed as

¢(01) = qo(wo) | [ a1 (zalaon—r). (2.14)
k=1

The conditional structure enables us to obtain a new sample from (FE, &)
by first sampling x! from conditional distribution q;_1(dx¢|ze.s—1), t > 1, and
then constituting new sample =, by composition of z} with =, ,, i.e., T}, =
(zi,_ 1, 7%). Hence, we reuse x{, ; twice in order to setup z}, on the basis of

)
Loip—1-

Let us incorporate the assumption on conditional decomposition of the pro-
posal density into the general importance sampling formula. We have

o a(whe) G (@b g (2h, )
_ P (why 1) ) p:(%:t)
Qt—l(‘r%:t*l) pffl(%;tfﬂ%—l(xﬂ%;tfl)
= wlah ) Pi(he) (2.15)

iy (xézt—l)qlf—l (xﬂ%;t—l) '

In the last product, the first term is the unnormalized weight for the i-th
sample at time t — 1 and the second is an update factor based on both the
present xi ~ q;_1(dx¢|z}.,_,) and the previous sample z, ,, ¥}, = (xb.,_1, T}).
From importance weights we easily compute the normalized versions w(zf,).
Hence we update all needed ingredients in the importance sampling formula
sequentially.

The sequential setup has its advantages. With an increasing dimension of
probabilistic spaces we do not need to sample from the distributions of in-
creasing complexity. We instead start from an initial distribution and go on
sequentially with samples from conditional distributions of given complexity
which are then used to extend previously obtained samples.

Unfortunately, as ¢t increases the phenomenon of degeneracy arises. It is man-
ifested by the fact that the majority of normalized weights goes to zero and
only few have negligible value [Doucet et al. 2001]. The standard technique to
overcome this problem is to shift from weighted empirical measures to uniform-
ly weighted ones. This is performed practically by introducing the resampling
step into the sampling algorithm.
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2.4 Resampling

The incorporation of the resampling step is enforced by the phenomenon of
degeneracy of weighted empirical distribution as ¢ (dimension) increases. The
origin of the degeneracy lies in the increasing variance of weights. To over-
come the problem, the proposal is to reset the approximation by excluding the
samples with small weights and multiply samples with large weights (relative
to 1/n).

Importance sampling in sequential setup provides the approximation of distri-
bution of interest m(dzy.) in the form

n

A (dwoy) = > W(wh,)6, (dros). (2.16)

i=1

To proceed, let us make the following important notation agreement. From
now on we denote the samples employed in the importance sampling formula
with the bar notation. That is, instead of ¢ we use T} and similarly for z{, and
Tp,. The plain notation will be reserved for samples and measures resulting
from the resampling step.

The reason for this change of notation is that by incorporating resampling
step we start to have another empirical measure established and it must be
somehow distinguished. Because the final measure of interest is the empirical
measure resulting from the resampling step we reserve the plain notation for its
samples. The carriers (samples) of intermediate measures (in the next section
we see that they are in fact two) will be denoted by the bar notation. So
saying it simply, samples before resampling are denoted using the bar notation
and after resampling by the plain notation.

In the view of this agreement, the formula (2.16) rewrites as

A (droy) = > W(Thy )65 (dzoy). (2.17)

=1

The idea of resampling is to sample {X{,}", ~ 7(dzo,) to obtain an un-
weighted (more specifically uniformly weighted) empirical measure

l & 1 & ,
i (dzo.) = - Z Oz (dzos) = - Z 6(Xo.)- (2.18)
=1 i=1
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Formula (2.17) can be rewritten as

n

7 (dxoy) = Z W (Th., )0 diL‘Ot

=1 =1

(dwg) (2.19)

1"0

where (N}, ..., N)~M(n,w(Z},), ..., w(Th,)). That is, vector (N}, ..., N
is sampled from the multinomial distribution of presented parameters. The
reformulation of (2.19) is based on the property of the multinomial distribution
stating (in the case of selected parameters) that E[N{| = n - w(7T}.,).

Now, the idea of resampling is straightforward. In order to obtain uniform-
ly weighted samples from 7;(dzg,) we sample from the specified multinomial
distribution and according to the values of N} we replicate N/-times sample
zl,. If N} =0, then the sample is excluded from the population and it is not
used anymore. Clearly, the number of samples in the population is retained.
Denoting points of resampled population by zf,, or more generally as the re-
alizations of X, random variables, we obtain the uniformly weighted measure
7y as required in formula (2.18).

Resampling leads to an unweighted empirical measure but samples are no
more independent. However, integral characteristics are still unbiased,
that is

Exp(f] = Ezp[f]- (2.20)

The multinomial resampling increases the variance with respect to integral
characteristics, i.e., vary(f) > varz(f). This fact led to the introduction
of other resampling techniques as uniform resampling or tree-based branching
mechanism [Doucet et al. 2001]. Some of them have equality in the variance
formula. However, in the thesis we further consider only the multinomial
resampling as it constitutes the basic resampling technique employed in SMC
methods.

The incorporation of the resampling step finishes the theoretical specification
of individual parts of SMC algorithm. In the next section we present its
algorithmic description.

2.5 SMC algorithm

The algorithm of sequential Monte Carlo methods (SMC algorithm) consists of
three blocks - initialization, the importance sampling step and the resampling
step. Initialization is performed once at the start of the algorithm. Importance
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sampling and resampling steps are performed in a loop reflecting the evolution
of approximated distributions from ¢ = 1 to t = T where T' € N is the selected
computational horizon. The pseudocode of the algorithm writes as follows.

e 0. declarations
n - number of samples,
T - computational horizon,
p;(zo.¢) - unnormalized densities of interest,
qo(zo) - the density of an initial proposal distribution,
Gi—1(x¢|o4—1), t =1,...T, - conditional proposal densities.

e 1. initialization
t=0,
sample {T} ~ qo(dxo) }1q,

compute inital importance weights {w(f@) =7 g??)

0)

n
U z }izl’
normalize the weights to obtain {w(z})}",,
constitute 7 (dwo) = > i, W(Tp)d5 (dwo),
resample {z{}" | using M(n,w(z}), ..., w(Ty)) to obtain i (dz).

e 2. importance sampling
t=t+1,
sample {7} ~ g1 (dailah, )}
compose {%:t = (1'6:1571@%)}?:17 )
for i = 1:n update weights according to (2.15) to obtain w(Zj,), i.e.,

P (@b 1) @1 (T 1) 7

w(ff):t) = w(xé:tfl) )

normalize w(T}.,) to obtain w(T,,),

constitute empirical measure 77 (dzo.) = Y i, W(T},) Oz ;t(dxo”f)‘

e 3. resampling
resample {z{,}", using M(n,w(z},),. .., w(TL,)) to obtain 77 (dwy.).

e 4. if t =T end, else go to step 2.
Algorithm 2.1: SMC algorithm.

The sequential character of the algorithm and the incorporation of the re-
sampling step causes the work of the algorithm to be seen as an alternating
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generation of three empirical measures denoted by 7y, 77 and 77. Let us
inspect the presented pseudocode to see this fact.

We start at the beginning of the importance sampling step. At time ¢ we have
at our disposal uniformly weighted samples z, ; € R% from the resampling
step performed at time ¢t —1. Generating samples Z! € R from q;_1 (d|7g._1),
where ¢;_1(dz¢|zo4—1) denotes the conditional measure corresponding to den-
sity q;—1(2¢|To.—1), we constitute samples from R¥**+1) space by composition of
44— and ;. The composition gives samples T, = (2,,_y, ;). Remark that it
is not true that 7, = (T,_,,T.) because T, ; are resampled into z{, ; and
those resampled samples - not T}, ; - enter the importance sampling formula
at time ¢.

The composed samples T, = (z{, ;,T:) when considered in the uniformly
weighted arrangement, carry the first empirical measure

1 n
} (dzos) = > 6 (dzoy). (2.21)
=1

We call 7} as the empirical prediction measure, which will be explained in
Section 2.6.5.

Reweighting the prediction measure using formula (2.15) we obtain the empir-
ical update measure 7'. That is, using the normalized weights w(Z},,) which
are obtained on the basis of updating presented in (2.15), we specify

n

7 (dwo) = > W(Thy)0  (dzos). (2.22)

i=1

Finally, the resampling step transforms 77 into the uniformly weighted empiri-
cal resampled measure © which is carried by resampled samples z, € R+,
Clearly, this measure then enters the importance sampling step at the next
iteration of the SMC algorithm. Schematically, the work of the algorithm can
be expressed by the following stream:

To — Wy =T DAL ..o T ST ST
We comment on the schema again in Section 2.6.5.

The other important observation is that resampling has a simplification im-
pact on the weight update step in formula (2.15) and consequently on the nor-
malization of updated weights. In fact, when entering the formula at time ¢,
w(zh,_ ;) = 1/n due to resampling. So the updated weights w(z},) read as 1/n
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times the update factor. The factor 1/n is erased by normalization, therefore
normalized weights w(7Tj.,) are determined only by normalization of update
factors occurring in (2.15). To retain the clarity of the explanation the dis-
cussed simplification is not incorporated directly in the algorithm above. But
we use it in the modification of the algorithm for particle filters.

This finalizes introduction of basics of SMC methods. In the next section we
discuss their application in particle filters where more structural assumptions
are set on the probability measures which are to be approximated.

2.6 Particle filters

Particle filters represent the most prominent area of application of SMC meth-
ods. The task of filtering is to compute conditional distributions of primarily
unobservable variables on the basis of variables which are observable. Unob-
servable variables are traditionally called signal, observable ones output and
the conditional distributions of interest which evolves over time filtering dis-
tributions.

Certain structural relations on the probability model driving behavior of both
groups of variables are assumed. The signal is treated as a generally inhomo-
geneous Markov chain. Based on the actual value of the signal, the observation
is determined according to a known formula typically including a noise term.
The task is then as follows - on the basis what we have seen until now to
present our best possible estimate on the actual value of the signal either for
description or prediction purposes. In what follows we state the model of par-
ticle filters mathematically. Our presentation is mainly based on [Doucet et al.
2001; Crisan and Doucet 2002] and [Fristedt et al. 2007].

2.6.1 Signal process

Let (2, F, P) be a probabilistic space. Let {X;,t =0,1,...} be an R™ valued

Markov chain defined on this space, n, € N. Let F, be the natural filtration

of the chain, i.e., Fy = 0(X,0 < k < s). The Markov property writes as
P(X, € A|F,) = P(X, € A|X,), P-as.

for all t € Ny, A € B(R"*) and s < ¢t. Hence our best estimate on future given
the whole past can be done only by the actual information.
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The complete description of the probabilistic behavior of the chain in the form
of finite-dimensional joint distributions is determined by an initial distribution
of Xy and by the set of transition kernels {K;(A,x),t € No}. We denote the
initial distribution of Xy by mg, i.e., Xy ~ 7.

It is well known from the theory of Markov chains that a transition kernel
K, (A, z) represents for any ¢t € Ny a function Ky(A,x) : B(R™) x R"™ — [0, 1]
such that

e K,(-,x) is a probability measure on B(R™) for each x € R™.
e K;(A,-)is a Borel function for each A € B(R").

It means that by fixing the second variable we get a measure representing the
probability of shifting to the set of states A under the condition of being in state
x at time t. Hence the measure K;(-, x) represents a conditional distribution.
In the following text we denote this distribution either as K;(dy|x) or more
specifically as K;(dxyq|xy).

In the context of our application, we will work with kernels which possess
the Feller property, that is, for each f continuous and bounded on R", i.e.,
f € Cp(R™), the formula

o(z) = / 1) K(dyl) (2.23)

yields g : R™ — R also in C,(R") for each t € Nj.

Fixing a set in the specification of a transition kernel we get an integrable
function. Its integral with respect to the distribution of X; gives the marginal
of being in set A at time t + 1; or, if the indicator of X; € B is taken into
the account the integral gives the joint probability P(X;.; € A, X; € B) as
follows from the definition of a conditional distribution.

2.6.2 Observation process

The observation process {Y;,t = 1,2...} is considered as n,-dimensional
stochastic process, i.e., ¥; € R™, n, € N. Observations are determined on the
basis of actual values of the signal by using h; modification functions. They
are further considered to be corrupted by a noise. Formally the observation
process is specified as
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where h; : R"> — R™ are continuous Borel functions and V; n,-dimensional
noise terms, independent of X;, with the probability laws absolutely continuous
with respect to the Lebesgue measure on R™. For fixed ¢, the density of V;
is denoted by ¢; and it is assumed to be bounded and continuous. The most
prominent choice for V; is when they are i.i.d. multivariate normal.

Y, values are considered mutually and conditionally independent of other vari-
ables given the state X;. This means that for all £ € N and B € B(R™),

P(}/t 6 Bt|X0:t7Y1:t—l) — P(}/;f 6 Bt|Xt) (225)
Further, for n, = 1 we have P(Y; < b|X; = z;) = P(V; < b — h(x;)), which

implies

b—h(zt) b
P(Y, < b|X, = 2,) = / gu(u) du = / ge(n — h(zy)) dy.

—00 —00

The similar formula can be derived in the multivariate case of n,, > 1. Denoting

gt(yt’%&) = gt(yt — hy(x)) (2-26)

we get g:(y¢|z;) as the conditional density of Y; with respect to X; = ;.

2.6.3 Filtering distribution

Now we discuss the computation of the filtering distributions. The probabilistic
structure and evolution of a particle filter is schematically presented in the
following diagram:

Xo =& X4 — ... = X, — ...
\ \ \
Y; Y;

Figure 2.1: Evolution of a particle filter.

In the most general setting, filtering means the computation of conditional
distribution of the vector of states Xo; = (Xo,...,X¢) given an observable
history Y7, ...,Y;. That is, we would like to compute for any A € B(R"=(+1))]

P(Xos € Alo(Y1,...,Y})) = P(Xou € A|Y14).
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Conditional distributions are typically computed from corresponding joint dis-
tributions by suitable integrations. We follow this standard way, so we start
with the joint distribution of Xy.; and Y7..

The joint distribution of the signal is determined by the initial distribution of
Xy ~ m and by transition kernels K;, t € Ny. We further adopt P(dz.) to
denote the joint distribution of Xy, ..., X;. Similarly P(dxo.y1.;) will denote
the join distribution of Xy, ..., X;, Y, ..., Y;. Let us compute the probability
of Xo.; being in Ay, for Ay, ..., A; € B(R™), i.e.,

P(Xo4 € Agy) = P(Xo € Ag, X1 € Ay,..., Xy € Ay) = / P(dxo.).

Ag:t=Agx- XAt

We have the following well known iterative expansion

P(X()EA()) = /Aﬂ—O(de)a

P(XO:l € AO:l) = KO(Al,QS()) 7T0(d$0),
Ao

P(X0;2 € Ao:z) = / ( K1<A27I1>K0(d$1‘x0)> 7To<dxo>7
Ao Ay

P(Xou € Agy) : /A O ( /A ( At-fl(tl(At,xtl)th(dxt1]:ct2))
. Ko(dxl\:r;o)> o(do).

The above expansion presents the evolution of the joint distribution of a
Markov chain over time.

Now we include also the observation process. Because of the independence
(2.25) of Y; we have

P(Xo:t € Ao, Y; € By) = / P(Y; € By|Xou = o) P(do.t)
AO:t
= / P(}/t c Bt|Xt = xt) P(de:t)7
AO:t

P(Xot € Aoy, Y1 € By) = / / g1(dye|ze) P(dxo.)
Aot J By

where g:(dy|z:) = P(dyi|x:) = P(Y: € dy| X = x¢) is the conditional distri-
bution of Y; on the condition of X; = ;.
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The combination with the expansion of P(dxg.) gives the following evolution
of the joint distribution over time. First of all,

P(Xo1 € Apa) = Ko(Ay, zo)m(dxy) = / Ko(dz:|zo)m(dxo).
Ao Ao J A

From this we have
P(Xo1 € Apa, Y1 € By) = / / / g1 (dyr|21) Ko(dar|xo)m(dao)
Ag JA1 By

and by a chain of iterations we finally get

P(X():t S AO:taK:t S Bl:t) =

/AO(/Al/Bl' N /At/Bt gi(dye|we) Ko (delzi) ’91(d91|$1)K0(d$1|$0)) 7o(dxg).

Let us assume that the initial distribution my, K;_q(dx|x,—1) and g(dy;|x;)
admit for ¢ > 1 densities with respect to the respective Lebesgue measures, i.e.,

e 7o(dxg) = po(xo) dxy,
o Ki i(dvi|ri ) = Ki1(xi|we1) day,
o gi(dyilwi) = gi(wilze) dye.
This assumption leads to the joint density p(zo., y1.¢) of P(dxo.y1.),

t
p(%:m?ﬂt po Zo H yk|$k Ky 1($k|l'k 1) (2-27)

Having the joint distribution at our disposal we would like to compute the
conditional densities p(zo.|y1) of the filtering distributions for ¢ > 1. The
standard formula based on the ratio of the joint and the respective marginal
distribution is directly inapplicable as it requires the computation of a com-
plicated normalization integral. That is,

p(l’o ty Y1: t) _ p(x():tuylzt)
fp Zo:t, Y1: t) dzo. Zt(yu)

p(@o:t|y14) = (2.28)

where Z;(y14) = [ p(xo+, y1:¢) dxo: is generally analytically intractable . How-
ever, note that 7, = Z;(y1, . .., y;) is constant for given 4, . .. 4. So the filtering
density p(zo.|y1.¢) falls into the framework of importance sampling methods
because we have its specification up to the normalizing constant Z;(y,.) for
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a given observation history. Therefore, this filtering problem seems to be a
good candidate for an application of SMC methods.

In what follows, we denote the conditional distributions of interest, i.e., the
filtering distributions, by the notation taken from [Crisan and Doucet 2002],

Thtjm (dTr) = P(Xpy € dp|Yimm = Y1m)- (2.29)

2.6.4 SMC algorithm for particle filters

In order to incorporate the particle filtering problem into the SMC methods’
framework we have to recognize the sequence of increasing probability spaces,
corresponding densities and a suitable proposal density as it was explained in
Section 2.3.

Concerning the probabilistic spaces, we have the standard setup of Ey = R,
& = B(R™) and F;, = (R™)*! & = @t_ B(R™) for t > 1. We set my as
the initial distribution of the state process, i.e., Xy ~ g, with density po(zo).
For t > 1, m; are the filtering distributions, i.e., the conditional distributions
of state vector Xy.; with respect to vector of observations Y7.;. Using notation
(2.29) we have m; = 7., with the corresponding densities p(2o.¢|y1:t)-

The densities of interest p(xo.|y:1.¢) are known only up to the normalizing
constants Z;. According to (2.28) we have p(zot|y1e) X p(Zou, Y1), i.e.,
p*(zo.t|y1:¢) = p(Tot, Y1:¢), which writes in more details as

t
i (Zo:t|y1:) = po(wo) H (Yre|zr) Ki—1 (2] 28-1).

Concerning a proposal density, we assume that we are able to sample from
conditional measures K; 1(dx¢|x;—1). The proposal density at time ¢ has then
form

a(x01) = p(xo) [ [ Kn-1(arlzn).

k=1
and therefore qx_1(x|ror—1) = Kg_1(z|Tr_1) to match formula (2.14).

By the specification of the structure of proposal density we can determine the
counterpart of the weight update formula (2.15) for particle filters. We have
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for t > 1, (w(z}) =1 as qo(xo) = po(x0)),

Thus

: ) = 13 = w(ZE - ) T i @ et
ot qt () ot Pio1 (To— 1) @—1 (| 2h4-1)
~ w(al, ) po(@h) TTier 9n (yelap) Ky (]2 )
N 0:t—1 ) TTE L i i [ i) i
[po(zt) HZ:1 9 (Y| @) K1 (]2}, )] Ky (@] wi_y)
= w(@hy_1) - ge(yelay).
weights are updated sequentially by factor g;(y¢|z!). Remark that all

elements of g;(y:|z}) = g¢(y; — h(z})) are known from the preceding step. Let
us state explicitly the version of SMC algorithm for particle filters.

0. declarations

n - number of samples,

T - computational horizon,

po(zo) - the initial density of X, ~ o,

K 1(z¢]xo4-1), t =1,...T, - conditional transition densities.

1. initialization

t=0,

sample {T ~ po(dzo) }iy,

constitute 7y (dzo) = £ S0, 0z (dxo), (no reweighting is needed)
set 70 (dxo) = T (dxg), i.e., {z =TL . (no resampling is needed)
2. importance sampling

t=t+1,

sample {T} ~ K1 (dwg|zy_i) }iy,

compose {T,; = (To,4_1, Tp) Hio1,

for i = 1:n compute (simplification due to resampling)

w(f@ ) _ gt(yt - ht(ﬂ))
N iy — h(T)))

constitute 77 (dwo.) = Y iy W(Thy) 0z (dros).

3. resampling
resample {z{,}" | using M(n,w(z},), ..., w(TL,)) to obtain 77 (dxy.),

4. if t =T end, else go to step 2.

Algorithm 2.2: SMC algorithm in the particle filter design.
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The presented pseudocode of the SMC algorithm for filtering problem can be
straightforwardly implemented on a suitable software platform. This is done
in Chapter 5 which is devoted to computer simulations.

2.6.5 Recursive evolution of filtering distributions

The application of SMC methods enables to overcome the problem with the
analytic expression of conditional densities of interest in the filtering problem.
More specifically, by applying the SMC algorithm we are able to compute
integral characteristics of filtering distributions on the basis of computer sim-
ulations.

Inspecting the work of the SMC algorithm, we can identify again three sub-
steps in a single cycle of operation. The first sub-step is generation of new
data samples employing the transition distribution K; 1(dx|z,_ 1) yielding (af-
ter composition) data samples {7}, = (2{,_1,T:)}",. The related empirical
measure is the prediction measure denoted 7;. The second sub-step is the
generation of empirical update measure 7} from 7} through updating factors
gi(y:|T). Finally, the third sub-step is the resampling step yielding uniformly
weighted empirical measure 7', which is the empirical counterpart of the fil-
tering distribution mg,;. But, only the first two sub-steps generates empirical
measures related directly to the filtering distribution. Resampling is only a
rearrangement of 7;* measure to the uniformly weighted design.

Interestingly enough, the time evolution of filtering distributions . and
related densities p(zo.|y1.¢) can be also described in the analytic form by re-
cursive alternations of true counterparts of 7} and 7;" empirical distributions.
Using the notation of (2.29), these counterparts read as mo.;—1 for 7} and o,y
for m}*. More specifically, the densities of these counterparts p(zo.¢|y14+—1) and
p(Zo+|y1.¢) can be expressed analytically, but only in a recursive design. That
is, only one step ahead from a given time instant. (If it would be possible to
express the densities non-recursively, then we would not need SMC methods).

The respective formulas are known in the literature as the prediction and the
update formula [Doucet et al. 2001; Crisan and Doucet 2002].
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Lemma 2.1. Let the density of the joint distribution of a particle filter is
specified according to formula (2.27), then

p($0:t’ylzt—1) :/Kt—1($t|xt—1)p(xozt—1|y1:t—1)dil‘o:t—l. (2-30)

Proof. The formula is actually an instance of the Chapman-Kolmogorov equa-
tion for Markov chains. Nevertheless, let us present the full proof here. To
start we rewrite formula (2.30) in an equivalent form using related measures.

(xﬂt‘yltl = /Kt—l(-fﬁt‘ft—l)p(%:t—l‘?/1:1&—1)dl”o:t—b

)
($0t|y1t 1) = 7T0:t71|t71Kt—1(xt|xt—1)a
P(d$0t|y1t 1)

Tot|t—1 — 7TO:t—1|t—1Kt71-

= Top—1jp—1 I -1 (dry|me_1),

Remark that K; (xz,_1) denotes the conditional density of the condition-
al distribution K; i(dx|z; 1) carried by the transition kernel K; ;. Term
To:—1)t—1 K1 represents the measure given by the composition of the uncondi-
tional distribution mg.;—1;—1 with the conditional distribution K;_i(dx|zi—1).
For any set A € B(R"(*+1) the composition reads as To—1j—15-1(A) =
f Ktq(A, x) dﬂ'o:t—l\t—l-

For any bounded f : R"™ — R the Markov property of {X;,¢ > 0} chain gives
ELf (Xox) [ Xoa1](w) = E[f (Xo:-1(w), Xo)[ Xe1)(w) = (Ki-1.f)(Xos-1(w))
where (thlf)($0:t71) = ff(xO:t)thl(dmt‘-TO:tfl) dxy.
Due to the independence of V;.; on Xg.; we have
E[f(Xo)| Xo:t—1, Viz-1)(w) = E[f (Xo.) | Xo:w-1](w) = (K1 f)(Xou-1(w))
and hence the following chain of equalities holds
7T0:t|t71f = E[f(XOt)’Yu 1]
= E[E[f(Xo:t) [ Xo:t—1, Viz-1][Yi:1]
= E[(Ki-1/)(Xo:—1)[Y1-1]
= Tou-1t—1K-1f

As this holds for any bounded f, then the measures mo.;—; and mo—1ji—1 K1
coincide [Billingsley 1995], which proves (2.30). O

Now we are going to prove what is known as the update formula.

26



Lemma 2.2. Let the density of the joint distribution of a particle filter be
specified according to formula (2.27), then

gt(ytlxt>p(x0:t|y1:t—l)
Lo:t|Y1:t) = . 2.31
p( O't’yl't) fgt(yt|$t)p($0:t|y1:t—1)d$0:t ( )

Proof. We start with the Bayes’ rule and rearrange

(Y| To:)p(To:e)

p(xOZ |?/1: ) = ’
e p(Y1:t)
paoslyry) = PYestlTodp(@od
(Yt Y1:e-1)
p(Totlyie) = P(Yey1:i—1, To:)D(Y1:e—1|To4) P(T0:t)

p(yt|ylzt—1)p(y1:t—1)

We again use Bayes’ rule on p(y1.4—1|o.)

p(yt|y1:t71, 1’0:t)p($o:t ’ylztfl)p«gl:tfl)p(x&t)
P(Yelyr:e—1)p(Yr:e—1)p(To:e)

p(Tot|y1e) =

Taking into account conditional independence p(vy;|y1.4—1, Zox) = p(y¢|To.) and
cancelling p(y;.4—1)p(xo.) terms gives the final formula

p(yt |$0:t)P($o:t ‘yl:tfl)
p(yt‘ylzt—l)

p(To|yr:e) =
The normalizing constant in denominator is computed by integration
p(Yelyr:e-1) = /p(yt|$0:t)p(x0:t|yl:t—1)dfo:t-

As we have p(y¢|zo.+) = g¢(y¢|z¢) this finishes the proof. O

The obtained formulas can be also rewritten in terms of corresponding mea-
sures. We have

prediction : Toft—1 = Tou—1jt—18¢-1,
dmr. T
update : ot _ 9:(tnl1) )
d7TO:t|t71 fgt(yt|$t) d7T0:t|t—1

The measure mg.;—1(dxo+) is obtained by composition of m.¢—1j;—1 (dxoy—1) with
the kernel’s conditional measure K;_q(dx|x;—1). As the composed measure is
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based on the preceding measure my,;_1,—1 and not on the current observa-
tion 1, it is called the prediction measure. The measure 7oy (dzo.) has the
Radon-Nikodym derivative with respect to mg.;s—1(dxo.) given by the presented
fraction. The fraction is based on the current observation y; and the measure
is updated version of the prediction measure. That is why, it is called the
update measure.

In the view of the presented formulas we can schematically express the workflow
of related empirical and theoretical distributions in a SMC particle filter as
follows:

T — T = [y oAy — .= Ty — T o
Ty — To:aj0 —7 To:11 7 o7 Toft-1 7 TO:t|t - ..

Figure 2.2: The evolution of empirical and theoretical distributions.

Corresponding pairs of empirical and theoretical measures are (77, To.¢—1)
and (7}, o). In fact also (77, mo.e) correspond, but we are interested in the
resampled version of 7', i.e., in 7}, therefore we primarily consider as matching
pair (77, To.t)-

To conclude let us note that the prediction and update formulas are valid also
if only marginal conditional distributions are considered [Crisan and Doucet
2002]. That is, when we are interested only in time evolution of densities
p(2¢|y1.¢) of conditional marginal distributions m;;. The corresponding formulas
write as

maryg. prediction : p(xiyie-1) = /Kt—1($t|$t—1)p($t—1|y1:t—1)dwt—la (2.32)

marg. update :  p(xilyre) = 9l z)p(welyre-1) (2.33)

fg(ytlxt)p<xt’y1:t—l> dxt.

In terms of the corresponding measures this writes as

marg. prediction :  Tp_y = T_1p—1K1, (2.34)
d7Tt|t _ gt(?/t’%) _ gt(yt|$t)
dﬂt\tq fgt(ytlxt) th|t—1 fgt(ytlaft) d7To:t|t—1

marg. update :

(2.35)

We employ these formulas extensively in Chapter 4 of the thesis.
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2.7 Convergence results for particle filters

This section covers the main convergence results for particle filters. We review
the necessary and sufficient condition ensuring the convergence of empirical
random measures, which are generated by the SMC algorithm, to the mea-
sures of the interest. The results are taken from [Doucet et al. 2001] and
[Crisan and Doucet 2002].

Measures. To start, we stress that we will work only with measures from
the class P(RY) of probabilistic measures specified on (R%, B(R?)), d € N
measurable space. For an integrable function f and a probabilistic measure
we denote the integral (image) of the function f over p as uf, i.e., uf = [ fdpu.

One of the equivalent definitions of the notion of weak convergence of measures
reads as follows [Billingsley 1999]. Let {u"}2,, u" € P(R?) be a sequence of
probabilistic measures and y € P(R?). We say that the sequence {u"}>,
converges weakly to the measure y if for all f € CP(RY), lim,, ;o p"f = pf.
Remark that from reasons which will be apparent in Chapter 4, we will consider
functions from the more general space C’(C?) in the theorems below.

To switch to the random case, consider a probabilistic space (€2, F, P) and
a sequence of random measures {p"}°,, u™ : Q — P(RY) and let u € P(R?)
be a fixed probabilistic measure, then the following two types of convergence

can be recognized:
1. - in expectation: lim, o E[|u"f — puf]] = 0, for all f € C*(C?)
2. - almost surely: lim, oo u" = u, P —a.s.

We will study only the convergence in expectation because this is the most
relevant to the topic of the thesis. The results concerning the other type of
convergence are presented in [Doucet et al. 2001]. Let us only remark, that
if limy, o0 B[ f — puf]] = 0, then there exists a subsequence n(m) such that
lim,, oo ,u”(m) =u, P—a.s.

Evolution of a SMC filter. The time evolution of empirical and filtering
distributions in a SMC particle filter was presented in Fig. 2.2. The natural
question is if the empirical prediction and resampled update measures 7} and
7, converge in expectation to their theoretical counterparts 7, = g~ and
Ty = T4 as the number of samples (particles) goes to infinity.

Note explicitly that we use further only the shortcuts 7; and 7; for the predic-
tion and filtering distributions, respectively.
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In the theorem below, we prove that the convergence of the whole algorithm is
assured, if there is assured convergence in each particular step. To present the
theorem, let us remind from Section 2.6.3 that the prediction distribution 7 is
determined by the composition of m;_; distribution with the transition kernel
K;_1; and the update distribution has the Radon-Nikodym derivative with
respect to the prediction distribution. The same relations hold for empirical
counterparts 7y and 7 as can be verified from the work of SMC algorithm.
Formally this writes as

- K dm g
Ty = T—14%¢-1, ——

i g dry _ g
dm, 7o

(2.36)

=n n
and T = 7Tt_1Kt—17 d: = — .
T TGt

Having specified the relations between individual measures the convergence
theorem writes as follows.

Theorem 2.2. Fort = 1,2..., the sequences T}, m; converge to Ty or Ty,
respectively, with convergence in expectation if and only if the following three
conditions are satisfied for all t > 1,

(i) forall f € Cy(Cm="HV), Tim,, o E[|7f f — 7o f[] = O,
(i) forall f € Cp(Cr=UHD) lim,, oo E[|72f — 71 Ki1 f] = 0,
(iii) for all f € Cy(Cm=HD), lim, o Efj7 f — 77 f]] = 0.

Proof. The sufficiency is proved by induction over ¢ > 1. We are going to
prove that if 7}* | converge to m;_; as n — oo and (i)-(iii) hold, then also 7}, 7}’
converge to 7, m for ¢t > 0. The statement is true for m due to (i).

We have 7, = m,_1 K;_1, thus by the triangle inequality for all f € C,(C"=(*+1),
T f =T f | < |7 f = m K f] + m Ko f — ma K f ] (2.37)

Applying expectation on both sides, we get lim,,_,., E[|7} f — 7 f| = 0 for all
t > 0, since the expectation of the first term converges to 0 due to (ii) and the
expected value of the second term converges to 0 from the induction hypothesis
as K;_1f € Cy(C™t) for all f € C,(C™=(+1)) due to the Feller property of the
kernel.
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Now, due to (2.36) we decompose

T fg Tifor

7 f—mfl =

T Gt e
mifg _Tfg| |\Tife Wi
T gt Tt ftgt TGt
Ty g
< Hf!loo'l— W pw o - oS
TGt
_ U llso B B
= ’7Ttgt T g t| +_|7Tt fo 7th9t|
TGt
therefore
[7r f —mof]] < =E([Ty9: — Tegel] + =BT} foe —Tefael]  (2.38)
TGt TGt

and both terms on the right side converge to 0 due to (2.37).

Finally (7} - measure before resampling, 7" - measure after resampling),

i f = mf| < |mi' f =7 S|+ |wf = mf]

As the expected value of the first term on the right-hand-side converges to
zero due to (iii), and the convergence of expectation for the second term is
presented in (2.38), the expected value of the left-hand-side converges to 0 as
well.

The necessity part. Assume that for f € Cp(C™=(HY) lim,, oo E[|70f — 7 f]] =
0 for ¢ > 0 and lim,, o E[|7}' f — 7. f|] = 0 for ¢ > 0. This implies (i) for ¢t = 0.
From (2.38) we have lim,, o E[|m:f — 77" f|] = 0, and because

Ellm f —7"fl] <E[lmp f — mof[] + Ellmef — 7/ f1]
we obtain (iii). To conclude, as 7, = m;_1 K;_1, we have for all f € C,(Cr=(t+1),
Ellml f — mi Ko fl] SB[ —Tuf | + Ellma Ko f — 7 Kia f[] = 0

which implies (ii). O

In the next theorem, we show that SMC algorithm introduced in Section 2.6.4
converges in expectation. It will be performed by validating the conditions
(i)-(iii) of Theorem 2.2.
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Theorem 2.3. Let 7} and 7', t > 1 be the measure valued sequences produced
by the SMC algorithm for particle filters presented in Section 2.6.4. Then, for
all t > 1, limy, o E[|T} — 7¢|]] = 0 and lim,,_,o E[|7}* — m|] = 0.

Proof. In order to employ Theorem 2.2 we introduce two o-algebras F; and
Fi, which reflect the evolution of information based on conditionally sampled
and resampled data:

Fio = o(@,a,s<t i=1,...,n),
= —i i -
Fi = o(T,,xl,s<t,xy, i=1,...,n).

Clearly, F; stores information carried by conditionally sampled and resampled
data until time ¢. In F; the information from resampled data at time ¢ is
excluded.

Since (i) is clearly satisfied we only need to show that (ii) and (iii) are satisfied
as well. If f € C,(C"=(+1)) then (T, = (2, ,,T0)),

E [f(@),)| Fio1] = Ki1 fah,_y), for i=1,...,n. (2.39)
Note, that K; i f is in Cy(R™") due to the Feller property of the kernel and

Ki 1 f(zl, ;) denotes the value of this function at point z, ;.

Further, 7} f = 1 3. f(@.,) so E[@} f|Fioa] = £ 30, Ki1 f(wh,_y). We have
also mp Ky f = + 3, Ky f(af,_,) and therefore E[m} f|F—1] = mp 1 Ky1 f.
Using the independence of conditionally generated samples, we get

E[|[m f — m Ko f P Fea) = |7 f — BT fIFea]|?| Fiei] = var[7} f|Fe-a).

n2

var(® f|Fi] = var [% > f@azm_l] = S el s )]

1 : .
= oY I PIF] ~ B ) F )
1 ; ‘
= S Kl ) — [ )P
- %ﬂ?—l [Kt—1|f|2 - |Kt—1f|2}

1 2
S _ﬂ-;gn_th—1|f|2 S ||f||oo )
n n
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The last inequality is by K;_(|f|*(z) = [|f*?K(dylz) < [[|f]|%K (dy|z) =
1£I12, and 72 || f][2, = 2 — IIfIIZo- Thus we have

2
Bl Ko 1 F] < 1

BBl S~ ri koAl < B[]

Blmf - kg < WM (2.40)

n

and lim,,_, E[[77f — 7" K1 f]*] — 0, ie., (i) holds due to the Jensen’s
inequality. Since 7' = &+ 37" N/dzi 5, we have

ElnfF) = w7
Bl f ~ #fPIF) < 5l A

where A} is the covariance matrix of (N}, ..., Nf*) ~ M(n, W (T},

i.e., it is the matrix with entries given by vaT(N]) =n 0T,

j= 1o yn, and coo(NY, NF) = —n - @(@)@(T,), 1 < j # k < n; and gf s
the vector with entries | f(z.,)|, i-e., (¢) = (|f (@&, -, \f(fg:t)\) :

)s - W(Tgy)),
)(1 — w(To,)),

Let us show that (¢;)" Afqf < n. Indeed (to simplify notation we use only wl
instead of full w(z,)),

(g )TAtQt] = n ng (1 Qt -2 Z wtthtQt]

Lj=1 jk=1;j#k

n Zwt @) ] < nl|f|% [Zwi'] = nl[f][2.
j=1

Lj=1

IN

Therefore we have
Eljx; f — 77 fI?] = E[E[af f — 77 fI*|F]] <

and lim,, ., E[|7]"f =7 f]*] = 0, i.e., (iii) is again satisfied due to the Jensen’s
inequality. O

[1£115
. (2.41)

To end the section we state the theorem which is a direct corollary of the above
two theorems.
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Theorem 2.4. Let 7} and m}', t > 1 be the measure valued sequences produced
by the SMC algorithm for particle filters presented in Section 2.6.4. Then, for
allt > 1 and f € Cy(C™=*+V) we have

(2.42)

Ellwy f - w7 < 7l

with ¢ = 1 and the recursion

4119t || oo
¢ = 1<1+ ”_gt” ) (2.43)

TGt

Proof. Again, we prove the theorem by induction. Let h € C,(C%) and p™ be
an empirical measure given by n i.i.d. samples from pu, (X; ~ u), then

0 (2.44)

Indeed, consider E[|X >, h(X;)—E[h(X;)]]?] = SE[| 3, h(X:) —nE[R(X))]]?] =
Svar(}, M(X;)) = Lvar(h(X;)) due to the i.i.d. character of the samples;
and we have Lvar(h(X)) = L(E[R(X)P — [E[(X)]]) < JERC)P < .

Setting h = f in (2.44) and pu = my gives E[|m) f — mo f|*] < f”gO, ie., (2.42)
holds for ¢y = 1.

Now, let E[|7] h — m_1h|?] < % and ¢;—1 > 1 hold for some ¢t —1 > 0.
For h = K;_1 f this writes as

ciall K fl5 _ Il
E“ﬂ—?—th—lf_Wt—th—lf|2] < : 1|| ; ! || < ¢ 1|T|L || (2.45)
The triangle inequality in Ly norm || - || = (E[| - |?])/? reads as

7 f =7l < 7 f = i K Sl + [[m Koo f — ma K ]
From (2.40) and (2.45) we have (¢, > 1)

e aallflls _ L+ D) flloo _ 2¢-1]lf]l
VY- NG <= . (2.46)

17 =7 fl] <

Formula (2.38) holds also in Ly norm,

HfHoo

~n —=n 1 —=n —
7 f —mfll < ——Fege — 7L gl + =7} for — Te S aull,
TGt
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which combined with (2.46) (for functions f and fg;) gives

ol < Wle2lodlecis | 1 20 gdlscs Sl cior

TGt Vn Tt Vn N Tige /1
Finally, using the triangle inequality and (2.41) (¢;—1 > 1),

Imt'f —mfll < Nlmf == I+ 7 = mf]
oo, 41 Moollgelloo €11

< + —
Vn Tige /1
ol (y ol o)
Vn TGt
Setting

_ 4] g¢/loo

Ct = Ct—1 1+ ? (248)
tGt

we see that if ¢,_; > 1, then also ¢; > 1. Incorporating (2.48) into (2.47) and
squaring brings the result. O

We conclude the chapter by two remarks concerning the proved theorem.

1) The presented inequality and therefore convergence holds for marginal fil-
tering distributions m; as well. It follows immediately from the theorem con-
sidering function f in marginal form f(xo.) = f(z), i.e., if we omit arguments
zs for s < t.

2) The sequence {¢;}3°, could be bounded by a geometric series if there would
be some upper bound on 4||g;||o/7:g: ratio. To establish such a bound we
would need a lower bound on 7;g; integral. The discussion of this issue is
presented in Section 4.3 in Chapter 4.
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3. Kernel methods

Kernel methods represent one of the most elaborated areas in the theory of
nonparametric estimation. Roughly speaking, in the parametric case there is
assumed some strong hypothesis on the distribution of analyzed data. Typi-
cally, data are assumed to be generated from a distribution being a member
of some parametrized family. Employing appropriate statistical procedures
we estimate the values of unknown parameters. The relevant notions in the
parametric case are the notions of unbiasedness, consistency and efficiency
of estimation. The whole theory of parametric estimation is employed here
backed by all tremendous literature available on the topic.

In the nonparametric case, we work only with observed data without any strong
hypothesis about their distribution. The only exception is that we adopt the
assumption on the absolute continuity of the distribution with respect to the
relevant Lebesgue measure, and usually on the i.i.d. character of data. The
cornerstone of the nonparametric approach lies in the fact that the distribution
of a random variable can be approximated by the sum of Dirac measures which
are located at data points sampled from the distribution. The extension of this
approach is not only to locate the probability mass point-wise, but also spread
it around the observed data points. The techniques of effective spreading of
the probability mass is what the kernel methods are concentrated on.

In the chapter we provide a basic overview of kernel methods. We present the
result on the convergence of kernel density estimates to the true density of the
data distribution. The quantification of the estimate discrepancy is provided
by calculating the exact and asymptotic values of the mean integrated squared
error - the MISE and AMISE analysis. Results are provided for both univariate
and multivariate cases. Finally, we present the Fourier analysis approach to
MISE calculation which is useful for our own research.

As the presented results are rather classical in the field, there is a bunch
of related literature. From this reason not all proofs are supplied but only
reference to the source. Our presentation is based on [Parzen 1962; Silverman
1986; Scott 1992; Tarter and Lock 1993; Wand and Jones 1995] and [T'sybakov
2009].
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3.1 Histograms

Histograms represent the oldest and most widely used approach to a non-
parametric representation of a distribution of empirical data. Histograms are
simple and useful tools, but they exhibit several drawbacks which initiated
the shift to kernel methods. Nevertheless, it is definitely worth to start with
histograms when we are going to study the kernel methods.

An univariate histogram is characterized by the width and placement of its
bins. Let b > 0 be a common width of bins, so-called binwidth. If xqg € R is
a selected point on the real line, then bins correspond to a system of intervals
[zg + mb,xg + (m + 1)b), m € Z. That is, each bin is determined by the
placement of an interval of length b with endpoints shifting along the real line.
It is clear that the union of all bins exhausts the whole real line.

Provided by the data samples Xi,...X,, where X; are univariate random
variables with the common density f, each bin is associated with its height
which is the averaged number of data falling into the bin and scaled to the
binwidth. Relating the heights of individual bins to the corresponding intervals
and representing them graphically in the form of a bar graph yields the typical
picture of an univariate histogram. The union of top lines of bars (heights
of bins) represents an empirical density function which is in the closed form
specified by formula

no. of X; in the bin containing x

]EHIST(QU) = b

(3.1)

Examples of histograms are presented in Fig. 3.1.

The shape of a histogram, in fact of empirical density (3.1), is primarily af-
fected by the value of binwidth b and consequently by the placement of bins
which is controlled by the selection of an origin xy. The binwidth is actual-
ly the smoothing parameter - the larger is the value of b the smoother (less
bumpy) is fHIST(m). On the other hand, smoothing leads to passing over local
characteristics of the distribution. Apparently, when b increases to infinity
then only one bin accommodates all samples and fHIST is constant. If b goes
to zero, then the number of bins increases to infinity and in the limit each bin
contains either no or only one sample and fHIST is a highly jagged function.
The “right” value of b creates a compromise between two limit cases. Some
theory on the proper choice of b is provided in [Scott 1992], but the value of b
is usually specified by trials and errors.
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Figure 3.1: Old Faithful geyser data taken from [Silverman 1986] and examples
of related histograms. (a) Lengths of n = 107 eruptions in minutes; (b) zo = 0,
b=1;(c) zp=0,b=0.5; (d) 2o =0, b = 0.25.

The criticism of the usage of histograms stems from the following three facts.
1. fHIST has stepwise character - it is only right continuous; 2. the need of a bin-
width and placement specification; 3. a problematic extension to multivariate
data. Let us comment on these issues.

The discontinuity is incorporated into the very heart of the concept of his-
togram due to the process of bins creation. In fact, bins are created by the
application of the indicator function of semi-open interval, which causes the
discontinuity when shifting over the real line. The way how the discontinuity
can be removed is to replace the indicator function by some other continuous
function. This leads to the introduction of kernel methods.

In order to a histogram be specified, the values of two parameters have to
be selected. The binwidth is more influential on the global shape of fuigt
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than the specification of the point of origin zy which affects the placement of
bins. However, the placement still plays certain role and there is a natural
requirement for methods which have as few degrees of freedom as possible
in the given context. The introduction of the naive estimator shows how to
circumvent the problem of zy selection.

Problems with an extension to the multivariate case raise from the variety of
possibilities how a set of univariate intervals filling out the real line can be
extended to a set of multidimensional compact sets filling out the respective
space. For example, in two dimensions we can opt not only for rectangular bin’s
bases, but also for triangular or hexagonal ones. This issue is interconnected
with the placement problem as well because the placement of bins’ bases in
multiple dimensions is controlled by a larger set of parameters. Hence again,
it would be worth if the placement problem could be somehow eliminated.

The construction of the naive estimator is based on the following fact. If f is
a density of a random variable X with an absolutely continuous distribution,
then

.1
f(x)zllgr(l)ﬁP(x—h<X<x+h) (3.2)

for each point x € R. Thus we can approximate the density f by choosing a
small number h > 0 and look at each point x for the proportion of data falling
into the vicinity of z, i.e., into the interval (z — h,x + h). Formally,

no. of X; € (x —h,x+h)

f = : 3.3
fax (o) - (33
The formula can be rewritten as
. 1 -1 - X; 1
fne(x) = - Z - w(x ; l) ,  where w(u) = §I|u|<1(u), (3.4)

i=1
i.e., w is the indicator function of the open interval (—1,1).

The naive estimator is constructed as a histogram with each point of the
real line representing the central point of a bin. This construction solves the
placement problem. In spite of the number of bins is now uncountable, the
averaging by n remains the finite operation due to the finite number of samples.
For binwidth we have clearly b = 2h. That is, the binwidth remains an optional
parameter.

In Fig. 3.2 there are presented two naive estimates for Old Faithful geyser
data introduced in Fig. 3.1. We see that obtained estimates are still jagged.
Furthermore, the naive estimator still produces a discontinuous function (not
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seen in the figure). The way leading to the removal of this obstacle is an
adaptation of the w indicator function in formula (3.4).

0.6 1 0.6
0.5 1 0.5
0.4 1 0.4
0.3 1 0.3
0.2 1 0.2
0.1 1 0.1
0o 1 2 3 4 5 6 Oo 1 2 3 4 5 6
(@ (b)

Figure 3.2: Naive estimates for Old Faithful geyser data (a) h = 1; (b) h = 0.25.

3.2 Kernel methods in one dimension

The development of kernel methods is driven by the ask for obtaining a contin-
uous, sufficiently smooth empirical density which approximates the density of
the distribution of a given data sample. The key idea is to approximate each
data point by a piece of the probability mass spread around this point. This
idea is consistent with the creation process of a histogram, especially under
the perspective of the naive estimator introduced above. A bin in a histogram
represents a piece of the probability mass related to the indicator function of
the corresponding interval. The exact amount of the mass is estimated by the
proportion of samples falling into the interval. The consistency of the estimate
is guaranteed by SLLN.

We follow the classical approach to kernel methods introduced in [Parzen 1962].
The approach inherits histograms in a natural way. Let Xy,..., X, be a set of
independent random variables identically distributed as a random variable X.
Let the distribution function of X, F'(x) = P(X < x), be absolutely continuous
with respect to the Lebesgue measure. That is, F(z) = [ f(u) du where
f(u) is the corresponding density.

A natural estimate F,(z) of the distribution function F(z) at point z is

~ no. of Xj; less or equal to x

Fo(z) = (3.5)

n
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For n and z fixed, nF,(z) is binomially distributed with E[F,(z)] = F(z) and

~

var|F,(z)] = F(z)/n- (1 — F(x)).

Following the idea of formula (3.2), the straightforward estimation of density
f on the basis of F,,(x) is

A F.(zx+h)—F,(x—h) no.of X; € (x — h,z+h]

ful2) 2h 2nh (3.6)
We see that the above estimate almost corresponds to the naive estimator (3.4).
In fact, the naive estimator can be transformed to (3.6) by considering the
function K(u) = w(u) = $1—11)(u), v € R, instead of function w in definion
formula (3.4). The added value from introducing the empirical distribution

function F,,(x) is that fn admits the integral representation with respect to F\n
That is,

fulz) = %i% K(m _hX> - /% K(x - 5) dF,(s).  (3.7)

The above considerations drive the idea of generalization of the naive esti-
mator. Instead of using the discontinuous option K = w, we incorporate into
formula (3.7) other suitable functions K. These functions are commonly called
kernels and h > 0 is called bandwidth. We see that for a given data sample,
the choice of K and h completely determines the estimator fn.

The basic requirement on f, bearing a general kernel K is, that f, constitutes
a consistent unbiased estimator of f(z). Because of the i.i.d. character of X

we have
Elf,(x)] = ©E {%K(xf()] :/% K(x;s) f(s)ds  (3.8)

and E[f, ()] does not directly depend on n. If one wants the consistency with
respect to n, the only choice is to made bandwidh A varying with n. Since (3.8)
is the convolution integral we would expect consistency when h™ 'K ((z — s)/h)
goes to the Dirac delta function located at = as n — oo.

The conditions which are imposed on K and the evolution of h(n) in order to
the class of estimators (3.7) will be consistent are due to [Parzen 1962]. As
referred in [Silverman 1986] p. 71, his assumptions on the kernel K are that
K is a bounded Borel function, satisfying

1)/;K(u)\du<oo, 2) lim [uk(u)| =0, 3)/K(u) du =1

|u|—o00
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and h(n) is assumed to satisfy
1) lim A(n) =0, 2) lim nh(n) = co.

Under these conditions it was shown that, provided f is continuous at x,
fn(z) = f(z) in probability. Thus f,(z) is a consistent estimate of f(x) at
the points of continuity of f.

There is a plenty of kernels to choose from to setup a kernel estimator (3.7). Its
worth to note that imposed conditions are commonly satisfied if K represents a
density of an absolutely continuous distribution. The other common condition
is that the kernel is symmetric, i.e., K(u) = K(—u),u € R. Some examples
of kernels are provided in Table 3.1. In the table, po(K) = [u?K(u)du and
R(K) = [ K*(u) du.

Kernel ‘ K(u) ‘ Graph ‘ w2 (K) ‘ R(K)
Epanechnikov %(1 —u?), % %
Biweight 2(1—u?)?i 1 5
Triangular (1 —ul)+ : 2
Gaussian \/%e*% /\ 1 ﬁ%

Table 3.1: Examples of kernels.

3.2.1 MISE analysis

The MISE analysis focuses on the evaluation of the quality of density function
estimation at the global scale. To achieve this goal, a suitable measure of
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discrepancy between empirical density fn and the actual density f must be
specified. In the area of kernel methods the mean integrated squared error
(MISE) is widely used for this purpose. We review the classical results on the
analysis of this error.

We start with the mean squared error (MSE), which is the suitable measure
for the evaluation of the quality of an estimation at a single point. MSE of an
empirical density f, at a point x is specified as

MSE, (fa) = E[fu(2) — f(2)]* (3.9)
By the standard properties of mean and variance (EX? = (EX)? + var[X]),

MSE,(f,) = E[f.(z)— f(z)]?

]
= (Blfu(e) — F@) + varlf(a) - £(2)]
= (Blfu(e)] — @) + varlf(a)]
= (Olfa(@)])? + 0% [ful2)]. (3.10)
The first term b[f, ()] = ELAn(x)] — f(z) in the MSE decomposition is called
the bias and the second o[ f, ()] = var[f,(z)] the variance of kernel estimate.

h
and variance at point x writes as

Elf(@)] = E E K(I;Xﬂ :/% K(""C;S) f(s)ds, (3.11)

varlfa(z)] = #(E {K(x;X)r— [EK(m_}LX)]2>. (3.12)

Inspecting the first formula, we see that E[f,(z)] does not depend on the
number of samples n. Therefore also the bias is independent on n. Contrary,
the variance var| fn(:z)] depends on the number of samples via term n~!. Thus,
if var[f,(z)] < co, then increasing the number of data allows to decrease the
variance to an arbitrarily low level.

Since f,(z) = LS K(52) and X; are iid. as X, the respective mean
a

We will investigate upper bounds on the bias and the variance. The following
two lemmas are relevant.

Lemma 3.1. Assume that the non-negative kernel K satisfies the following
conditions

/K(u) du =1, /uK(u) =0, /UQK(u) = pg(K) < 00
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and the first derivative of density f is Lipschitz continuous, i.e.,
() = ['(W)] < Lalz —y
for Lo, >0 and all z,y € R. Then for allx € R, h >0 and n > 1 we have
blfa(@)]] < Coh?

where Cy = L p2(K).
Proof. From (3.11),

) = [ 5 (55) £ ds = o) = [ G - ub) = )] du

By the mean value theorem

F(x) = f(r —uh) = f(x+ rub) - uh
for some —1 < 7 < 0. Hence

blf(2)] = /K (& + Tuh)(—uh) du
_ / K (u e+ rub) — f(2)] du,
blfu(2)]] < /|K(U)| |=uh| - [ f'(z 4+ Tuh) — f'(2)| du
< /K(u) |- Lolrub] du
< / K(u) - (uh)2du = Cyh? . O

Lemma 3.2. Let the density f be bounded, i.e., f(z) < ||f||lee < 00 for all
x € R and the kernel K satisfies

/KQ(u) du = R(K) < .

Then for any x € R, h > 0 and n > 1 we have

Ce2
nh

var(fu(2)] <

where Cyz = ||f||0o - R(K).
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Proof. We have

("

2
)] (52
Therefore from (3.12),

W[fn@)]g# / K(%> 1(s) HfHoo /KQ h .

We see that if f and K satisfies the assumptions of the above lemmas, then
MSE, is upper bounded by constants C7 and C,2 in the following form

Cy2

MSE,(f,) < C2h* .

(3.13)

The upper bound on the bias and the variance behaves differently with re-
spect to the bandwidth h. For n fixed, if h — 0 we have unbiasedness, i.e.,
limy, o E[fu(z)] = f(z). If h — oo, ie., if h increases, then the bound on
the bias increases as well. For the variance, we have the opposite behavior.
If h — 0, then the bound on the variance increases and if h — oo, then the
variance term diminishes.

This behavior tells us that there is the bias-variance trade-off we have to take
into account when we want to minimize MSE, by adjusting bandwidth h.
In Fig. 3.3 there is presented the typical behavior of MSE,.

0.2

0.2

0.15 0.15

0.1

0.1

0.05 0.05

(b)

Figure 3.3: Demonstration of the bias (squared, dashed line) variance (dash-
dot line) trade-off in MSE, computation (solid line) with h varying along the
x-axis for different choices of n; (a) n = 10; (b) n = 100.
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MSE, reflects the quality of approximation at a fixed point. Concerning a
global measure, it is natural to take for this purpose the integrated version of
MSE, which is called the mean integrated squared error (MISE) and defined as

MISE(f,) = ]E/(fn(x) — f(x))? da. (3.14)

Due to the non-negativity of the integrand we can employ Fubini theorem and
(3.14) can be rewritten as

MISE(f,) = /E[(fn(:c)—f(ar)f]dfv

Y

MSE, (f,) dz
— [l - )2 de s [varlfi@)de (219

The goal of the MISE analysis is to obtain the dependence of MISE on band-
width h, kernel K and the number of data samples n in some tractable form.
As n and K are usually given, the typical task is to search for h* which mini-
mizes MISE for n and K fixed. h* is then considered as the optimal bandwidth
which should be used for the construction of the kernel estimator based on K.

Unfortunately, the expression of above integrals in a closed form is generally
impossible. Closed forms can be stated only in some special cases, for example,
when the true density f and K correspond to the normal density functions.
The standard approach for a general case is to investigate the asymptotic
behavior of presented integrals when n goes to infinity and h changes appro-
priately. This will be discussed in the next section. However, before we do
this let us review the exact MISE calculations for the Gaussian density.

Gaussian density and its mixtures. Let ¢,(z) be the density of normal
distribution N(0,0?). ¢,(x — p) is then the density of general normal distri-
bution N (i, 0?). Let K(u) = ¢1(u), i.e., kernel K correspods to the density
of N(0,1). The result of Fryer and Deheuvels reffered in [Wand and Jones
1995] p. 25 or in [Silverman 1986] p. 37, states that

- 1 1 1 1 1 2v/2
MISE - = | = - = - — == |
S <¢U(x M)n) 2ﬁ [nh+( n) O'2+h2+0 20-2+h2

(3.16)
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The calculation can be extended to mixtures of normal densities which are the
densities of form

f(z) = ij%j(ff — 1)

where weights w; add to unity, i.e., Zj w; = 1. In this case the exact MISE
formula reads as

MISE(f,) = (27Y?nh) " - wT[(1 — n 1)y — 29 + Qlw (3.17)

where w = (w1, ..., w,)T is the vector of weights and €2, is the m x m matrix
having (7, 7') entry equal to

¢(ah2+a§+a§,)—1/2 (Mj - Nj’)‘

for a € {0,1,2}.

A minimizer h* of (3.16) and (3.17) can be found by standard optimization
techniques.

3.2.2 AMISE analysis

As the computation of MISE in a closed form is generally intractable, the
common approach is to examine the asymptotic behavior of the variables of
interest. That is, to investigate the asymptotic behavior of MISE( fn) formu-
la (3.15) for n — oo and h = h(n) varying accordingly. This leads to the
specification of AMISE (asymptotic MISE) characteristic of the quality of ap-
proximation by the empirical density fn

The AMISE analysis is in details treated in [Scott 1992] and [Wand and Jones
1995]. The main result obtained here can be stated as follows. Let f, h and
K satisfies the following conditions. 1. The density f is such that its second
derivative f” is continuous, square integrable and ultimately monotone, i.e., it
is motone over both (—oo, —M) and (M, oco) for some M > 0; 2. bandwidth
h varies with n in such a way that

lim h(n) =0, lim nh(n) = oc.

n—oo n—oo

and 3. the kernel K corresponds to a non-negative function satisfying

/K(u) du =1, /uK(u) du = 0, /UQK(U) du = ps(K) < oo.

48



Under these conditions MISE(f,) = AMISE(f,) 4+ o((nh)~! + h*) and

AMISE(f) = Uy LR (),
e [ R 7
5 1
AMISE(Rionse) = Sl(K)PRU'RUM —z (318)

where R(K) = [ K?*(u)du < oo and R(f") = [(f"(u))*du < oc.

AMISE provides an useful large sample approximation to the MISE and en-
ables to find directly its bandwidth minimizer hj,;qp. On the other hand, the
main disadvantage of the asymptotic approach is that AMISE tightly depends
on the properties of f via R(f”) term which is usually not known apriori.

3.3 Kernel methods in multiple dimensions

The ideas underlying an application of kernel methods in multiple dimensions
are similar to the univariate case. Basically, a multivariate kernel refers to a
piece of the probability mass spread around a sample point. Individual kernels
are additively combined and normalized to obtain an approximation of the
actual density of the data distribution.

However, with the increasing dimension we get more degrees of freedom and
several adjustment of univariate considerations has to be taken into account.
It results into a generally broader discussion. Because of the lack of space we
review here only the very basic results without details. The interested reader
is referred to [Scott 1992; Wand and Jones 1995] which based our review. Nev-
ertheless, the Fourier analysis approach presented in Section 3.4 relates well to
the multivariate case with the presence of results relevant to our own research.
Thus, the restricted extent does not cause any substantial limitations.

To start let us make a note concerning the notation. In the previous chapter we
worked with elements from (R?)¢*+!) space. These elements were referred by
Zo. notation emphasizing the “time-dimension”, but not explicitly referring
to the “space-dimension” d. In multivariate kernel methods we work with
static samples, i.e., only with elements from R space. In order to distinguish
obtained results from the univariate ones we will write multivariate elements
in the bold notation.
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In what follows we will work with a random sample X,..., X, of n inde-
pendent variables identically distributed as a d-dimensional random vector X.
The distribution of X is assumed to be absolutely continuous with respect to
the d-dimensional Lebesgue measure with the density f(x) = f(z1,...,z,).
We approximate this density by a multivariate kernel estimator.

Following [Wand and Jones 1995], the most general form of a d-dimensional
multivariate kernel estimator is

falz;H) =n™' " Ku(x — X)), (3.19)

=1

where H is a symmetric positive definite d x d matrix, called the bandwidth
matriz, Kg(uw) = [H|7Y/2K(H?u) (in the formula | - | denotes the deter-
minant and for the inverse matrix we have H™! = H™Y2H""?) and K is a
d-variate kernel satisfying [ K (u)du = 1.

There are two approaches to the generation of multivariate kernels from a
symmetric univariate kernel k. The first leads to so-called product kernels and
the second to radially symmetric kernels. The definition formulas are

KP(u) =[] r(uw), K¥u)=ceqr((u"w)?), (3.20)

i=1
where ¢, is the normalization constant, i.e., ¢,y = [ s((u"w)'/?) du.
A popular choice for a kernel K is the standard d-variate normal density

K(u) = (27) " exp [—%uTu] (3.21)

in which case Kg(u— X;) corresponds to the density of N'(X;, H) in vector u.
This kernel is both product and radial and is constructed from univariate
normal densities.

In practice, matrix H is restricted to some simpler class in order to decrease
the number of parameters determining a kernel. The common choices are
H = diag(h?,...,h%), i.e., H is a diagonal matrix or, which is the preferred
case, H = h%I. In the last case, the explicit formula for the kernel estimator

writes as
; R x— X;
CB2TY) i
fn(w,h I) = ;:1 K( N ) . (3.22)

n
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3.3.1 MISE analysis

The counterpart of univariate MISE formula (3.15) writes as
MISE(f,: H) — /(E[fn@; H)| — f(a))dz + /W@L(w; H))dz. (3.23)

As one would expect, the computation of the above multidimensional integrals
in a closed form is generally impossible. The standard approach is to perform
an asymptotic analysis or to consider some special cases. As in one dimension,
such the special case is the computation of MISE for data generated from
a mixture of Gaussian distributions. Let us review the relevant results.

Mixture of Gaussian densities. Consider f to be a mixture of multivariate
normal densities

flz) = Z wids, (z — p,),

where w = (wy, ..., w,,) is a weights vector, 25:1 w; = 1, ¢x; is the density
of N(0, %)), i.e.,

_ _ 1 -
o, (u) = (2) 4233, |7? exp [—EuTEj 1u]

and p; is the vector of means and 3; is a covariance matrix.

Let Q,, a € {0,1,2} be a m x m matrix with the (j,7') entry, j,7/ =1,...,m,
equal to ¢ertz;+x, (1 — py). Then

MISE(f,; H) = n~' (4n) "¥2[H|72 + wT[(1 — n71)Qy — 20 4+ Qolw. (3.24)

This formula is the multivariate counterpart of univariate formula (3.17).

3.3.2 AMISE analysis

AMISE analysis is based on the application of the multidimensional Taylor’s
theorem on E[f,(x; H)] and var[f,(z; H)] terms of (3.23). Further, certain
integrability and limit conditions are imposed on f, K and H. They include
(for details see [Wand and Jones 1995] p. 95) the assumption that each entry
of Hessian of f is piecewise continuous and square integrable or that K is
a bounded, compactly supported d-variate kernel satisfying

[E@du=1, [ukdu=0. [ wu'K(w)du = (L,
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where po(K) = [u;K(u)du < oo is independent of j, j =1,...,d.

Under the mentioned conditions the following result for AMISE is achived for
the H = h?1, case

4
where R(K) = [ K*(u) du < oo and V3 (z) = 2521(82/8xj)f(a:).

AMISE(f,, h’L;) = n*lh*dR(K)Jrlh%(K)? / (VZf(x))* dz

Dealing with (3.25), the optimal bandwidth A* (and consequently the optimal
matrix H* = h*21;) can be identified as

) - d- R(K) 1/(d+4)
Fase = {n - p2(K)? [ (V2 (2))? dw}

Plugging Iy sy back into the error formula we get

4 1/(d+4)
AMISE(h ) = T (w(K)?d(dR(K))‘* [ iz

(3.25)

By this result we conclude the review of classical results concerning the MISE
and AMISE analysis of kernel estimators. Let us sum up what we referred to.

e In both cases of univariate and multivariate kernel estimations we were
able to set exact MISE computations for i.i.d. data generated from Gaus-
sian mixtures when the Gaussian kernel was employed.

e Asymptotic results were provided in both univariate and multivariate
case. However, these results are based on the knowledge of certain ana-
lytic properties of the generating density. That is why [Tsybakov 2009]
provides a criticism of the asymptotic approach. The criticism stems
from the fact that the results of AMISE analysis are tightly related to
the properties of only a single density f and not to common properties
of a sufficiently broad class of densities the density f is assumed to be-
long to. He proposed a more general approach for the MISE analysis
based on the Fourier analysis. Unfortunately, his results are presented
only for univariate case. In the next section we review and extend these
results to the multivariate case.

e In the univariate case, we have presented an upper bound on MSE, for
an univariate density, formula (3.13). Employing the Fourier analysis the
similar upper bound can be stated directly on multivariate MISE (and
therefore on the univariate one as a special case). Thus, there is another
reason to inspect the Fourier analysis of kernel estimators.
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3.4 Fourier analysis of kernel estimators

This section deals with the Fourier analysis of kernel estimators. Interestingly
enough, the employment of characteristic functions of empirical distributions
provides a tractable and accurate error analysis with no extra effort. The
Fourier analysis approach thus complements and extends asymptotic results
presented in the previous sections. Let us first review some basic facts.

Let X be a d-dimensional random vector with a joint distribution Px. The
characteristic function ¢x (t): R? — C of X is defined as

ox(t) = E[e’®X)] = / et X) dPx, t € RY (3.26)

The definition formula shows that the characteristic function of a distribution
is provided by an integral transform. It is well known [Lachout 2004] that this
transform provides the full characterization of a given distribution and it can
be seen as the transform from the space of probabilistic measures to the space
of functions from R? to C.

The other quite common view of the Fourier transform comes from the area
of applied mathematics when for a given integrable function f : R? — R,

e., f € Li(RY), (a signal in electrical engineering) its Fourier transform is
specified as

Flfl(w) = / ¢ f () das, w € RY. (3.27)

Formula (3.27) can be treated as a special case of formula (3.26) when the
distribution of X is absolutely continuous with respect to the respective d-
dimensional Lebesgue measure and has density f(x), i.e., dPx = f(x)dx. On
the other hand, in (3.27) f need not be necessarily a density. Only integrability
is assumed.

Let f,g € Li(R?), then the following properties of the Fourier transform are
relevant to our research:

o boundedness: |F[f](w)| < 1, for f being a density

linearity: Flaf + bgl(w) = aF|[f](w) + bF[g](w), a,b R
shifting: F[f(z — 8)](w) = e« F[f](w), s € R?

scaling: F[f(x/h)/h’|(w) = Ff](hw), h>0

shifting & scaling: F[f((x — 8)/h)/h%] = /@) F[f](hw), s € R4
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e complex conjugate: W = f[f](—w)

e convolution: F[f * g](w) = F[f](w)Flg](w)

e symmetry: if f(—x) = f(x), then F[f](—w) = F[f](w)

e isometry, provided by the Plancheler’s formula for f € Ly(R%):

w)|* dw.

f2(

In the text bellow, we extend to the multivariate case Tsybakov’s results pro-
vided for the univariate case [Tsybakov 2009]. Tsybakov works with the en-
gineering view of the transform, however, the Fourier transform of empirical
measures he employs has to be defined via the characteristic function’s point
of view. The reason is that there are no densities of empirical measures (in fact
of the Dirac measure) with respect to the corresponding Lebesgue measure.
Let F,(x) = 6,(dz) = > _j—1 0z, (dx) be the empirical distribution associated
with an i.i.d. sample of particles { X ;}7_,. The characteristic function of this
distribution writes as'
. ~ ] e . ,
Pn(w) = / e @mdE, (x) = =) @) weRY (3.28)

n -
J=1

Note that ¢, (w) constitutes a random variable for w fixed.

Consider the standard multivariate kernel estimator
A 1 — T
fal®)=—5 > K
nhd 4
j=1
providing an empirical density fn. By the properties of the Fourier transform
zf{hd (252 - ze X0 FIK] (o)

Writing Kr(w) for F[K](w) we obtain for the characteristic function of f,, the
expression

Xj) (3.29)

]:[fn](w) = ¢n(w)KF(hw)' (3-30)

In order to study the properties of MISE error the following lemma is relevant.

In what follows we use w for argument of characteristic function instead of ¢.
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Lemma 3.3. Let {X;}}_, be an i.i.d. sample from a distribution with the
density f. Let the characteristic function of X; be ¢p(w). Then for ¢, of
(3.28) we have

(i) Elpn(w)] = ¢(w)
(i) Eflgn(w)l’]=(1-7
(iii)  Ell¢n(w) — o(w)[*]

Proof. To show (i) consider the i.i.d. character of X .

_ %Z / ") () da = %Z d(w) = d(w). (3.31)
To show (ii) note that
Ellgn(@)’] = Elpn(w)dn(w)] = Elpn(w)dn(—w)]

L T X)) it X
" kit

= E + —

n2

_ % E [0 X0 | [ X0)] 4 %
3 kg 7k
n®—n 1

=)o) + -
(1 - %) D@ + (3.32)

Ellgn(w) — ¢(@)])] = E[(¢n(w) — ¢(w))(dn(w) — ¢(w))]
= E[(¢n(w) — ¢(w))(¢n(—w) — ¢(—w))]
= E[|¢n(w)]? = ¢n(w)p(—w) — d(w)dp(—w) + [p(w)[?]
= E[|¢n(w)’] = p(w)¢(—w) — p(w)d(—w) + |p(w)]?
= E[|¢n(w)’] = |p(w)[*
= (1= 2 ) It + -~ ot
_ %(1 _pw)]?). O (3.33)

Now we can proceed with the MISE computation for kernel estimate (3.29).
We assume that both density f and kernel K belong to Lo(R?). Employing
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the Plancherel’s theorem we have

MISE(f,) = E [ (fu(a) - f(@)" de

~ o B 1FUR)(w) — o) de

1

~ Gk / bn(@)Kr(hw) — ¢(w)2dw.  (3.34)

The following theorem provides the exact MISE computation of estimate f,,
for any fixed n.

Theorem 3.1. Let the density f and kernel K be in L*(R?). Then for all
n > 1 and h > 0 the mean integrated squared error of the kernel estimator f,
has the form

MISE(L) = g | [ 1 Krlhw) o) do + - [ |Rcr(ho)?do]
1 1 9 9
gy [ 1P (o) o (3.35)

Proof. As ¢, K € Ly(R%) and |¢p(w)| < 1 for all w € R?, all the integrals are
finite. To obtain the Fourier MISE formula it suffices to develop (3.34),

E | fon(w)Kr(h) - o(0) d
= B [ 16u(w) - ole)) Kr(ho) — (1 = Kr(hw) o) o
— [ Bl6u(w) — ) P o) + 1~ o (heo) () do

= [0 @ PP dw + [ 1= K)o do

n
After rearranging we obtain the assertion of the theorem. 0O

We see that the formula (3.35) is composed of three terms. Let us discuss
these terms separately.

3.4.1 The first term of Fourier MISE decomposition

Concerning the properties of the first term of Fourier MISE formula (3.35)
we are able to say something more concrete for the so-called Sobolev class of
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densities. To make a preparation for our own research we extend the original
Tsybakov’s definition [Tsybakov 2009] to multiple dimensions for integer Ss.

Definition 3.1. Let § > 1 be an integer and L > 0. The Sobolev class
of densities Ps(g,ry consists of all probability density functions [ : RY — R
satisfying

[l o) d < (2m)72° (330

where ¢ = F[f] and || - || is the Euclidean norm.

The condition (3.36) may looks strange, but it actually concerns the bound-
edness of partial derivatives of f. Let us show this for the basic case of § = 1.

Lemma 3.4. Let f: R? — R, d € N be a multivariate density and f; = Of |Ox;.
Let [(fj(x))*dx < L3 for some Ly >0, j =1,...,d. Then (3.36) holds for
B=1, e, [l|w|Plo(w)dw < (2m)|L|J.

Proof. First of all note that ||w|]* = Zj |wj|2. Further, let us show that
Flfil(w) = (—iw;)p(w). We have

Flfil(w) = / e fi(x) de = /k y /j e fo(x) da; dugs;.

By per partes: u = e/@® o' = Qu/dx; = iw;e’“® o' = f;(x), v = f(x), the
inner integral writes as

/ ¢ f (@) diy = ) f(a)| VT /<z‘wj>ei<w’m>f<w> dz;.

J J

The first term is zero because f(x) is a density, i.e.,

/ei(w,a:)fj(m) dZJZj — (_@'wj)/ei(w,w)f(m) dl)?j,

J J
/k#j/jei<w,m>fj(a:) drvjdrge; = (_Z'wj)/k#/jeuw,m)f(w) dz; dwyy;,
Flfillw) = (—iw;)o(w).
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By the Plancherel's theorem, [ |F[f;](w)|? dw — (2)4 [(f;(2))? da, we obtain
[ 1ot s = o)t [ (e < ez
S, [leloitas < o'y 12
/ (X i) (@)l < (2" Y L2,

[llPo@)do < @nizp. o

The other ingredients for setting up the properties of the Fourier MISE formu-
la are the properties of the employed kernel with respect to the Sobolev class
of densities. Let us start with the notion of the order of kernel.

Definition 3.2. Let £ > 1 be an integer. We say that the kernel K: R? — R
is of order (, if K is symmetric, Lo(R%)-integrable and its Fourier trans-
form Kr(w) satisfies Kx(0) =1 and has continuous all partial derivatives

K =0"Kz/0; ...0;, up to the -th order such that K (0)=0

Flilyebm tm Flilyebm

forallm=1...¢.

Remark that the above definition generalizes the notion of the order of ker-
nel as it is defined in [Tsybakov 2009]. The definition imposes the following
conditions on an univariate kernel to be of order £ > 1, / € N,

o [K(u)du=1
o [u"K(u)du=0form=1,...,¢

It can be easily seen that these properties are implied by our definition. Indeed,
from the definition of the Fourier transform and assumptions of Definition 3.2
we have Kr(0) = [ € K(u)du = [ K(u)du = 1. For the m-th derivatives,
K™ (w) = [ (i)™ K (u) du and therefore K™ (0) = i™ [u™ K (u) du = 0.

Theorem 3.2. Let K: RY — R be a multivariate kernel of order ¢ > 1, ¢ € N.
Then there exists a constant A > 0 such that

SupweRd\{O} A (337)

and for any density f with the Fourier transform ¢(w) and h > 0,

/ 11— Kp(hw)||(w) P < AR / oo P (w) P (3.38)
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Proof. We start the proof by the analysis of the univariate case. Let us aim
on the limit of (1 — Kr(w))/w’ at w = 0, i.e., we will investigate lim,_o(1 —
Kx(w))/w*. As the kernel is of order ¢ we have zero derivatives at the origin,
ie., Kg)(O) =0for j=1,...,¢. Applying (-times the L'Hospital rule we get
for the limit of interest

o 1 Kr(w) K¥(0)
11m =
w—0 wt 1l

= 0.

As for any function g : R — R, lim, ¢ g(z) = 0 if and only if lim, o |g(z)| = 0,
we have also (|w|’ = |w!| for ¢ € N)

Having the limit equal to zero, then for any 6 > 0 there exists wy > 0 such
that

= Kr(w)] < max{§,1/|wo|} = A, w>0. (3.39)

Indeed, from the definiton of the notion of the limit we have for any § > 0 such
wp > 0 that (3.39) holds for w € (0,wp). The numerator in (3.39) is bounded,
ie., 1 — Kr(w)| <1, and |w|® is increasing hence the left-hand-side of (3.39)
is less or equal to 1/|wp|® on the interval [wy, o0).

In order to prove the multivariate case, we rely on the multidimensional Tay-
lor’s theorem [Brabec and Hruza 1986] p. 118. Under the assumption that the
kernel is of order ¢, we have its Fourier transform to be real because the kernel
is symmetric and the Taylor’s theorem specifies the values of Kr(w) as

d d
1 1 ,
Kr(w) = Ez(0)+4; > K}(O)Wz‘JF"'JrE > K 0w, . wi,+ Ry(w)
=1 )

VLgeeey igil
with the remainder satisfying the limit property lim,, o R¢(w)/||w]||* = 0.
As all partial derivatives equal zero, the remainder writes as Ry(w) = Kr(w)—
K#(0) = Kz(w) — 1. Thus the above Taylor’s formula gives

K]:(UJ) -1 .

lim L= Kr(w)| _ lim = 0.

w=0 |wlff w=0  [Jw||f

Now, the same arguments as in the univarite case, see the discussion concerning
formula (3.39), lead to the first assertion of the theorem (with the absolute |w|
replaced by the norm ||w||).
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It is clear that the univariate case is a special case of the multivariate one,
but we have used the split into the cases and a slightly longer proof from
methodological reasons.

The inequality (3.38) follows from (3.37) by the following chain:

1 — Kr(hw)|
—_ A
SUPwerd\ {0} | ’h(.d‘ |£ - ’
1= Kr(hw)] < Allhwllf,
1— Kr(hw)]* < A[|hwl*,
1= Kr(hw)Plo(w)]* < A2h*|lw|*|o(w)]?,
<

/ 11— Kr(hw)Plo(w)Pde < A / | | (w) Pdw. T

3.4.2 Other terms of Fourier MISE decomposition

The other terms in formula (3.35) refers to individual properties of the kernel
and the density under considerations. We mention only two straightforward
observations.

The second term can be directly translated from the frequency to the “time”
domain by the Plancherel’s theorem and the scaling property of the Fourier
transform

%/ny(hw)\de th /K2 x/h)d (nhl /Kz(u)du. (3.40)

For the correction term we have the following inequality

1 1 Kxl|?
iy [ @Ko < P2 o) o

(2m) (27)dn,

< %/ﬁ(m) dx. (3.41)

3.4.3 Upper bound on the Fourier MISE formula

Concerning an upper bound on the Fourier MISE decomposition formula (3.35)
we actually sum up the results obtained in the preceding sections. First of all,
to obtain the upper bound we can omit the correction (the third) term in
(3.35) formula. The second term is solely determined by the properties of the
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kernel, which is expressed by formula (3.40). Finally, to obtain the limit on
the first term, the properties of the density the data are sampled from and
the properties of the kernel have to be matched somehow. The matching is
provided by fitting the order of the employed kernel with the Sobolev character
of the estimated density. The next theorem provides the final result.

Theorem 3.3. Let n be the number of i.i.d. samples from a distribution with
a density f : RY — [0,00) which is B-Sobolev for some 3 € N and L > 0,
i.e., f € Ps(B,L). Let K be a symmetric, Ly(R%)-integrable kernel of order (3.
Assume that inequality (3.37) holds for some constant A > 0. Fiz o > 0 and

take h = an” 7+ where n € N 1s the number of samples. Then for any n > 1
the kernel estimator f, satisfies

sup E/(fn(a:) — f(x))*dx < C- "7 (3.42)
fePs(B,L)
where C' > 0 is a constant depending only on «a,d, A, L and the kernel K.

Proof. By the preceding lemma and from the definition of the Sobolev class
of densities we have

1= Ko Plo) dw < 420 [ |l Plo()P do < (20 420212

Plugging this into the Fourier MISE decomposition formula (3.35) and em-
1

ploying W [ 1K (hw)Pdw = =7 [ K*(u) du we get for h = an™ 27+,

h2'8 = QQﬁn_%{ita (nhd)_l = n_la_dnﬁid = a_dn_%

and

MISE < o | [ 11 Krthw) ot do + [ |ir(huo)?do

IA

AR L 4 #/K%u) du,

< (14[/)2042571_252$ +a_dn_2ﬁ25d/K2(u) du,
< {(AL)Zozzﬁ +oz_d/K2(u) du} ~n_%,
< Cla,d, AL, K)-n . O

The theorem says that we are able to state an upper bound on the MISE of

a kernel density estimator if we match the order of the employed kernel with
the Sobolev character of the density the analyzed data are sampled from.
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4. SMC and kernel methods

This chapter presents our own research in the area of the combination of SMC
and kernel methods. The basic idea of our approach is the following. A SMC
particle filter generates an approximation of a filtering distribution in the form
of an empirical measure. This representation enables an effective computation
of integral characteristics of the filtering distribution. However, we can also
be interested in other characteristics which are commonly computed from the
analytical representation of a density of a distribution. The canonical example
is the computation of conditional expectations. Hence, our idea is to compute
sequentially kernel density estimates of filtering distributions. The estimates
are based on the empirical distributions generated by a SMC particle filter.

Our main results are threefold. First, we show that the kernel density estimates
formed on the basis of empirical distributions converge to the true densities of
filtering distributions. We identify the rate of the convergence and show how
the number of particles and the bandwidth have to be selected in order to the
MISE of the approximation can be controlled. The proof of the result is based
on the Fourier analysis of the convergence result for SMC particle filters.

The other results concern a deeper analysis of the obtained convergence for-
mula. First, the convergence result is based on the assumption on the Sobolev
character of involved distributions. We present a result addressing this issue.
Second, the convergence formula contains factors which are constant with re-
spect to the number of sampled particles, but evolve with time on the basis of
the values of observation process. We discuss the character of this evolution
and present exact and approximate lower bounds related to these factors.

4.1 Convergence of SMC kernel estimates

In the theorem below, we prove that at each time instant, the kernel density
estimates created on the basis of the operation of a SMC particle filter, con-
verge to the density of the related filtering distribution. The convergence is
provided in terms of decreasing MISE when the number of employed particles
goes to infinity. The rate of the convergence is further linked to the select-
ed bandwidth, time-evolving character of densities of underlying distributions
and to the properties of the employed kernel.
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To present the theorem, let us stress that the result is primarily related to
kernel density estimates of marginal filtering distributions.

The SMC particle filter introduced in Chapter 2, generates empirical distri-
butions on (R™ ¢+ B(R"(+1))) spaces which approximate filtering distribu-
tions over time. The filtering distribution is the joint conditional distribution of
states Xg.; conditioned by an observed history Y7.;. The most widely used inte-
gral characteristic of this joint filtering distribution is the conditional expected
value of the actual state X; conditioned by observations Y., i.e., E[X;|Y1.].
This integral characteristic is in fact the characteristic of the conditional dis-
tribution of X, conditioned by Y7.,,. That is, it is the integral characteristic of
7y distribution if we employ the (2.29) notation of Chapter 2. The my; distri-
bution is the marginal distribution of the joint filtering distribution m; = mo.,
at time ¢, and it is the probability measure specified on (R"*, B(R"*)) space for
each t € Ny. The analogous considerations hold for the empirical counterparts
Wﬁt and 7 of filtering distributions, which are produced by a SMC particle
filter.

Working with joint distributions 7 and 7, instead of marginal ones Tl and
mye forces the kernel density estimates to be based on kernels of increasing
dimension. The related explanation and notation becomes more complicated
without any substantial gain in the presented theory. Moreover, the marginal
distributions are practically the most desired and employed. The restriction to
the marginal distributions is in fact not a serious simplification because it does
not harm the employed proof techniques. Thus, relating the presented results
primarily to the marginal distributions is a reasonable and practical decision.

To present the theorem, remark that filtering distributions are specified for
t € Ny where mpjg = 7 is the initial distribution of the state process. The em-
pirical distributions are generated for ¢t € N because the observation process
starts from time ¢ = 1. Further, in what follows we use d letter to denote the
dimension of the state process instead of former n,. The reason is to maintain
consistency with the notation of the preceding chapter.

Theorem 4.1. Let {Wﬁt,t € N} be the sequence of marginal empirical measures
generated by a SMC particle filter on (R?, B(R?)), d € N space. Letp}: R* — R
be the sequence of related kernel density estimates with the bandwidth varying
as h(n) = an” 7 for some o > 0. Let {my;,t € No} be the sequence of
corresponding marginal filtering distributions with densities p,: R — R. Let
Pt € Ps(g,r,) for some B € N and Ly > 0,t=0,1,..., and the employed kernel
be of order B. Then we have the following evolution of MISE of kernel density
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estimates over time t € N,

28

A L S e s (4.1)

where
Cy = (ALtaﬁ + cta_d/2||K||) (4.2)

with the positive constant A of Theorem 3.2 and the sequence ¢; following the
formula (2.43) of Theorem 2.4.

Proof. The proof is based on the employment of the Fourier transform. We
start by the assertion of Theorem 2.4,

2 2
Ellny f w7 < G (4.9

where we replace a general function f by the complex exponential specified
on R¢.

Let f(vo) = f(x;) = ) then 7 f = TS mf = myef and |[f|[ = 1.
Denoting ¢y = Flnf,] and 1 = F[my;| we have from the above

Eflyy (w) - ()] < (4.4)

C2

[Kr(hw)” - E[[} (w) = de(w)!] < [Kr(hw)* L,

o S

B[l (@) Kr(hw) = (@) Kr(hw) ] < [Kr(ho) - L,

E[/ wf(w)Kf(hw)—¢t<w>Kf<hw>|2dw] < G o dos,

B | [0ie) - pi@fdn] < O [Kwd @)

A

For any density p; and its convolved version p} = p; * h=2K(-/h),

; 2 _ L w w) — Yy (w)|* dw
i)~ = o [ ) Kelh) - vw)Pa

1

- G [ 1= Ko Pl o (16)
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As we assume that p; € Pg(g,r,) and the employed kernel has order (3, then
according to Theorem 3.2 the right-hand-side of (4.6) is bounded and because
there is nothing random we can apply the expectation with no effect to obtain

B| Uil - ple)Pde] < AL (47)

To proceed, let us consider the product measure \® P with the corresponding
norm || - [|oniep = [ [ [ |- [2d(A ® P)]Y/2] then we have

17 (@) = pe(@) o paep < ARPLy + || (4.8)

Ct
(nhd)1/2
on the basis of (4.5), (4.6) and the triangle inequality for || - || xagp-

Let the bandwidth h develop with n as h(n) = an~ 77 for some a > 0.
We have h? = ozfgn_%‘ﬁ. Further,

d

_ g ol L4 28 _ a2 B
(nh®)~! = n~ta~n+ = o n %+ and therefore (nh?)~Y? = o~ %2n 254,

Inequality (4.8) then reads as

B8 B8
pi () — pe(@e)||opawp < ALia’n~ 27 + cea P 7| | K ||

(ALie® + cia=¥?||K]|) - n~ %2,

N

Squaring to obtain MISE we get
E/(p?(wt) — pu(@y)2day < (ALo® + e 2| K||)? - n” 5
or in more compact form
B [ 0i(e) - po)? day < C2 oo

for C; = AL;a® + c;a~%?||K|| what we wanted to prove. O

Let us discuss the theorem.

0) First of all, the theorem is proved without assumption on i.i.d. char-
acter of samples constituting the empirical measures Wﬁt. This is the crucial
observation, as we know that due to the resampling step the generated samples
are not i.i.d. Further, we see that the Fourier analysis of kernel estimates is
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superior to the standard AMISE analysis as this is based on the assumption
on the i.i.d. character of sampled data.

1) Convergence. For ¢ € Ny fixed, we immediately see from (4.1) that
the MISE of kernel estimates goes to zero if the number of samples (particles)
increases and the bandwidth decreases accordingly, i.e., lim, o E [(p}(2:) —
pi(x;))? dzy = 0. Therefore we can generate kernel density estimates of mar-
ginal filtering densities with the MISE convergence assured at each time in-
stant t € N.

__28 __28
2) The dimension matters. For di < do, n~ 2*% < n~ 28+4 and therefore we
have to increase the number of particles in order to satisfy a required accuracy
as the dimension increases.

3) For a = 1, the specification of C; simplifies to C; = AL; + ¢|| K| and C;
is composed of four terms. Two of them, A and ||K|| = [[ K?(u) du]'/? are
the constants determined by the employed kernel. The other two, L; and ¢,
develop with time. Let us first discuss the L; term.

4) The theorem assumes that the true marginal filtering densities p, are [3-
Sobolev for some L; > 0, t € Ny and [ being constant over time. It is the
question if this assumption is true. In the next section we show that gener-
ally the Sobolev character of a SMC particle filter is retained under certain
conditions on the transition kernel of the filter.

5) The other entity developing with time is ¢;. Its values are computed re-

cursively according to Theorem 2.4 as ¢; = ¢;_4 (1 + %) ,co = 1. Integral

:g; depends on the values of the observation process and it is generally hard
to state any reasonable lower bound on it. Section 4.3 discusses this issue.

6) The order (5 of a kernel is actually optional parameter as there are techniques
how to construct kernels of arbitrary orders [Tsybakov 2009; Scott 1992].

7) In the presented proof, if the complex exponential would not be restricted,
i.e., if we would use f(zg;) = €'“¢) then the proof remains valid with d
replaced by d(t 4+ 1), x; replaced by x¢,; and the kernel employed for density
estimates being d(¢ + 1) dimensional - the version of the theorem for the joint
filtering distributions.
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4.2 Sobolev character of SMC particle filters

In this section we show that if the density pg of my is [-Sobolev, i.e., if
po € P(B,Lo), B € N, Ly > 0, then also densities p; are [-Sobolev and
we compute the explicit expressions for L;. We show the result for time ho-
mogeneous filter, when the transition kernels K, observation densities ¢g; and
also modification functions h; do not change with time. Let us start with the
lemma showing that if a density is S-Sobolev then is Lo-integrable.

Lemma 4.1. Let a multz’vam’ate density f: R? — R be B-Sobolev for d, 3 € N,
i.e., f € Pse,ry. Then J(f(z))?*de < L* + (27) =V, where Vy is the volume
of the unit ball By in RY, Bd = {:c e Re:||x|| < 1}.

Proof. To start remind that the Fourier transform ¢(w) of a density f is a
characteristic function, i.e., |¢(w)| < 1 for any w € R%.

From the definition of the Sobolev class of densities (3.36) we get

(QW)dL22/HwHw!sé(w)Ide = Aw“q\lwllwl¢(w>|2+ | w6 (w)]?,

wl|[>1

et > [l o)
[lw|[>1
A [1>1 9l dw,
2m)°L? *d 2d 24
( W) +Aw|<1 ’¢(w>| “ /w|l<1‘ <W)’ W+Aw|>1 l¢<w>| “
dr2 2
(27T)L+/ 1dw2/|¢ )2 dw,

w||<1

v

IV

2m)iL? +V; > /|¢ )| dw,

[ 16 do,

L* 4+ (2n)" %, > (2n)”
/(f(m))2dw. c

L? + (2m) ™%V,

IV

We proceed with the marginal prediction and update formulas (2.32) and (2.33)
of Section 2.6.5. We use the bold notation to be consistent with the actual
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notation and omit ¢ subscript in K and g to reflect time homogeneity.

maryg. prediction :  p(T|y,,—,) = /K(a:t|a:t_1)p(azt_1|y1:t_1) a1,

9(Yilz)p(Ti|Yy14-1)
fg<yt|mt)p(mt|y1:t—l) dx,

marg. update . plaily)
We rewrite the formulas in more compact form

marg. prediction :  p,(x;) = /K(wt|mt_1)pt_1(mt_1)da:t_l, (4.9)

marg. update :  py(z;) = gi(@) Dy () _ g1(x:)py (1) (4.10)

T4t gt TGt

using shorteuts py(@:) = p(@e|y1,-1), pe(Te) = p(@e|yra), ge(x:) = 9(y,|z:)
and Tyeg = [ 9(yol @) p(Te|y1e—1) de = [ gi(20)Di(20) ds-

Integral 7y;g; coincides with the integral T,g = [ g(y,|@:)p(@o.t|Y14—1) dXos
of the constant ¢; of the last theorem of Chapter 2. The reason is that the
function g(y,|z:) = g(y, — h(x;)) is the function only of actual state x; and
not of whole history ax(.;. Due to this coincidence and for the purposes of the
next section we use instead of symbol 7,;g; the symbol 7;g;.

Definition 4.1. Let K(x¢|x:—1) be the transition kernel of a SMC filter. As
the conditional characteristic function Kz(w|x,_1) of the transition kernel K
we denote the characteristic function of the conditional distribution determined
by the kernel, i.e.,

Kr(wlxi—q) = /ei<“’zt>K(wt\wt1)dwt.

Theorem 4.2. For a SMC particle filter, let py € Pss,Ly)- Let the transition
kernel of the filter be K and its conditional characteristic function Kz(w|x;_1)
be either (i) bounded by some 3-Sobolev function K,: R — C, K, € Ps(8,Lx,)

in such a way that for any x,_, € R and w € RY,
|Kr(wle)] < [Ky(w)], (4.11)

or (ii) Lo(R%)-integrable for some ukK > 0 in the following sense

//||w||2f3|K;(w|a:t_1)|2da:t_ldw < (2r)uk?. (4.12)
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Then the densities p; of my, are 3-Sobolev for all t € Ny, i.e., p; € Psp,L,),
with the recurrence for Ly, t € No written for the case (i) or (ii) as

9max NK\/L?—I + (271-)_(1‘/61

. gmaxLKb ..
1) Ly =——=, or (1) L;= —
() L (i) L L

Tt

(4.13)

respectively.

Proof. We prove the theorem by induction over ¢ € Ny. The proof has at
certain spot two branches according to if there holds either the property (i) or
(ii). We assume that the theorem holds for py. Let p,—1 € Ps 1, ,), t > 1, then
[(pr—1(z))?de < L7, + (27)~?V, by Lemma 4.1. Employing the prediction
formula, we get (¥, (w) is the Fourier transform of p,(x;)),

px) = /K(wt|mt—1)pt—1(a’t—1)dmt—la

pi(xe) = ei<w’Zt>/K(wt\wt1)Pt1(33t1)dwt1,

/€i<w’mt>}_7t(l‘t) dwt = /€i<w,mt>/ K(wt|a:t_1)pt_1(a:t_1) dwt_l d:ct

= /ptl(wtl) (/ @) K (|, ) da:t> dz, 1,

|Et(w>|2 = ‘/pt—l(wt—l)K]-‘(w|wt—1>d$t_1 (4.14)

Now, let us assume that the property (i) of Kz(w|x;—1) holds. We have

[y (w)]* < (/11%—1(5‘%—1)|KJF(W|93t—1)|akl’t—l)2

IN

(rww)r / pH(a:H)dwu) ~ |Kofw)P,
/ el P2 B (w) P e < / el P2 ()P < (27)013 . (4.15)

If the property (ii) of Kz(w|x;_1) holds, then we employ the Cauchy-Schwarz
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inequality in (4.14) and Lemma 4.1. We have
B < [pea@e)Pdec - [ 1Kewlo ol doi
[Pk < @2 e
] [l Kl ds
/|]w||26|%(w)]2 dw < (27?)‘1(Lf71 + (27r)*dVd) k2 (4.16)

The above formulas show that p, € P p,) with P, specified on the basis of

(4.15) or (4.16). In the first case P; = Lg, and P; is constant over time.
In the second case P, = /(L2 + (2m)~9V,) - uK and P, depends on the
Sobolev constant L;_1 of p;_1. Let us proceed to the specification of the Sobolev
constant L; of p; on the basis of knowledge of P,.

In Section 2.6.2, there was shown that function g;(a;) of update formula (4.10)
has form g¢;(@;) = g(y, — h(x;)). Function g is the density of the noise term of
observation process, so it is bounded. Thus, regardless of the form of function

h, we have sup,, ., [g:[> < sup, |g(u)|* = ||g|[%, = maxy [g(w)]* = gha-

The update formula then gives

ge(Te) Py (),

gmax/6i<w7wt> Tyt(mt) diL‘t,

(Tegt) (1)

(ﬁtgt)/€i<w’mt>pt(mt) dxy

IN

o @) < Rulb@)?
(T )l @) < g (2m) Nl P B() P,
)
(2m) ¢ / ol ()P de < %:L 0 (4.17)

The theorem tells us that during the evolution of a SMC particle filter with a
bounded or Lo-integrable transition kernel K (x|x;_1), in the sense presented
above, the §-Sobolev character of the density pg of the initial distribution 7
is preserved over time.

The preservation of the Sobolev property is determined by the properties of
the transition kernel. Since the prediction and update formulas have the iden-
tical structure for marginal and joint filtering distributions, the theorem can
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be proved in the same fashion for the densities of joint prediction and up-
date measures 7; and 7;. The only difference is that we finally consider term
(2m) =DV, 1y instead of (2m) "4V, in (4.13). Further, the extension to time
inhomogeneous filters is straightforward with Lg,, 1K and gmax possibly vary-
ing, given the properties of K; and g;, over time.

Concerning the evolution of L, constant in case (ii), it exhibits asymptotically
(Ly > (2m)7%V; as t — oo) the geometric growth with the quotient ¢ =
(gmaxit i) /(g)*, under the assumptions that 7;g; is bounded from below by
some (7g)* > 0 and ¢ > 1. Nevertheless, such a reasonable lower bound is
generally hard to state as the value of 7;g; integral depends on the values of
observation process. On the other hand, we see that 7;g; entity arises not
only in the specification of L; but also in the specification of ¢; of (2.43) and
therefore it substantially affects the value of C; constant of Theorem 4.1. This
implies that the accuracy of kernel density estimates depend on 7,¢g; integral
and it is worth to study its properties.

4.3 Lower bound on 7,;¢;

In Theorem 4.1, we have stated an upper bound on the MISE of kernel density
estimates of marginal filtering distributions in a SMC particle filter. The bound
depends on the constant! C; which further depends on constants ¢; of (2.43)
and L; of (4.17). The explicit formulas write as

4 oo maxﬁ
¢ =iy (1+||_g—t||),c0=1 and L, = Joxtt (4.18)

Tt Gy TGt

The number-of-particles constants depend on the value of integral

ogs = / gz )p(dyre_y) da, = / ge(@ P, () d. (4.19)

We use this specification of 7;g; integral instead of the original one based on the
p(To.t|yq.,_,) density because the investigation of the properties of the integral
is more convenient. Especially, the dimension of the involved prediction density
Py(xy) is fixed to d for all t > 1 in (4.19) irrespective of time.

As in both cases the integral occurs in the denominator, we have to work
with its lower bound in order to state some upper bounds on the ¢; and L

"'We are taking about C;, ¢, and L, as about constants because they are constant with
respect to a number of particles, but we still have in mind that they generally evolve with
time, which is indicated by the subscript.
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constants (and consequently on the related errors). In this section we state
such a lower bound for each time instant ¢ € N in two variants: the exact bound
which is unfortunately inapplicable for higher dimensions and times because
it goes rapidly to zero, and approximate bounds based on the application of
the strong law of large numbers (SLLN). The specification of lower bounds is
further based on the assumption of the Lipschitz continuity of the theoretical
marginal prediction and update densities related to the filter.

4.3.1 Exact bound

Before we start we stress that in this section lower bounds are generally denoted
using the star notation, i.e., for some real entity b € R we have b* < b. Further,
we use interchangeably “lower bound of " and “lower bound on b”.

The main idea of our approach to lay down a lower bound (7.g;)* on g,
i.e., (Tg:)* < Mgy, is based on the fact that in (4.19) the integrand is a non-
negative function as both g, and p, are densities. Due to the non-negativity,
any integral on a subset of whole space forms a lower bound of the original
integral. Moreover, having specified the value of the integrand at some point
a € R? and assuming its Lipschitz continuity we can explicitly compute a low-
er bound by integration over any ball || — a|| < r with diameter » > 0. This
estimate can be further optimized over r in order to be as maximal as possible.
The next lemma presents the idea in a more accurate way.

Lemma 4.2. Let a non-negative function f: RT — [0, 00) be Lipschitz contin-
uous on R with constant f, > 0 in the following sense® |f(x) — f(y)| <
foll — yl| for any ¢,y € R, Then for any point a € R?,

- DqVq
[ @iz = Fa) = (f@) 2t = 0
where Dy = (#) (ﬁ‘ll)d, Vy= % is the volume of the unit ball in R and

f(a) =max [ f(z)dx.

>0 J)j@—al|<r

2Here we use for the definition of Lipschitz continuity the Euclidean norm instead of
usual L; norm. Clearly, due to the equivalence of norms on R this does not makes any
problems w.r.t. to the usual definition.
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Proof: First of all, as f is non-negative we have for any a € R? and r > 0,

/f(m)d:cz ‘ f(x) de.

|le—al|<r

Further, as f is Lipschitz continuous we have also

[f(x) = fla)] < fallz—all,
fla)=f(x) < follz —all,

fx) = f(a) = fulle - al|,
min _{f(z)} > fla)— for

{z:|[z—al[<r}

This implies

(@) dz > (f(a) — fur) A Ldz = (f(a) — far)Va(r).

lle—al|<r z—al|<r

We have Vy(r) = Vy(1)r? = Vyrd for the volume of a d-dimensional ball with
the radius r > 0. Let us search for the maximum of b(r) = r¥(f(a) — far)Vy
with respect to r > 0. Setting ¥'(r) equal to zero we get

drd_l(f<a’) - far)‘/d + Td(_fa)v:i = 07
d(f(a’) - far) + T(_foz) = 0;
—(d+1)far = —df(a),
= (df(a))/((d+1)fa).
The solution of ¥'(r) = 0 is denoted r*, i.e., V'(r*) = 0. As b"(r*) < 0, r* is
the point of the local and also global maxima. The explicit formula for b(r*)
reads as

o) = S () (757) =@ 288

Clearly, the expression (4.20) is always non-negative. O

Let (g:(a¢)p,(a;))* be a lower bound on the value of integrand g,(x;)p,(x;) in
(4.19) at some selected point ; = a; € R?, i.e., (g:(a;)p(ar))* < gi(a:)p(ar).
The reason why we generally use a lower bound is that we are not able to
compute the exact value of the integrand because we do not know exact form
of p, over time. Employing Lemma 4.2 we can immediately state the lower
bound on 7.g; at a; € R? as

a+1 DaVa

AL (4.21)

(7eg:)" = [(9:(as)py(ar))”]
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where ¢p', is the Lipschitz constant of the integrand g,(x;)p,(x;). In order to
have (4.21) fully determined we have to

e select some suitable point a; € R,

e state the value of the integrand at the selected point, i.e., the value of
gi(a:)p,(at) or at least its lower bound (g:(a:)p,(a+))*,

e specify a Lipschitz constant gpt, of the integrand g;(x;)p,(x;).

We discuss the first two items together. The evolution of the prediction
density p, is driven by the prediction and update formulas of the employed
SMC particle filter. In the compact notation of (4.9) and (4.10) these write as

marg. prediction :  p,(xy) = /K(wtlmt_l)pt_l(mt_l)dwt_l, (4.22)

marg. update :  p(x) = gu(x@e)Pi(xe) (4.23)

TGt

and since g;(x;) = g(y,|x:) = 9(y, — h(xy)),

TGt = /gt(mt)z_)t(a:t) dx; = /g(yt — h(x))py () dz;.

Let us proceed sequentially. We assume that at time ¢ we have at our disposal
a lower bound p;_;(a;—1) of the update density p;—; computed at some point
a1 € R ie., pf (a;_1) < pi1(as_y) for some a; ; € R%

Now, for any a € R? and p;(a) < p,(a) we have from (4.23) the lower bound

— g(y, — h(a)p,(a) 9(y, — ha)pi(a) _ .
[ a(ylm)p(®iy ) doy = o =pi(a). (4.24)

pi(a)

We would like to have pj(a) as large as possible in order to the estimate would
be meaningful. In (4.24), we assume that the density g is bounded from above
by gmax = ||9]|ec and that there exists a; such that g(y, — h(a;)) = gmax-
That is, let a; be driven by y, in such a way that y, — h(a;) localizes the
point of the maxima of density g. Under this assumption (4.24) gives for
a = a; the value of the lower bound pj(a:) as p;(a;) = p;(a:) < p,(a;) where
p(a;) = [ K(ai@i—1)pi—1(xi—1) dei—q. Thus, the lower bounds p;(a;) and
p;(a¢) coincide.

We compute the value of p;(a;) under the assumption of the Lipschitz con-
tinuity of K(a¢|x;—1) and p;_i(ax;—1) with respect to x;_;. Let us assume
that K(a;|x;—1) is Lipschitz continuous with constant Ks, irrespective of
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the value of a; (the Lipschitz continuity of the transition kernel in the sec-
ond variable), and p; ; with constant pl!. Let K(as|x;_1) be bounded by
Komax = ||K(a|xi—1)||co irrespective of the value of a; (the boundedness of
the transition kernel in the second variable), and p;_; (1) by p'L = [[p7 |-
Then K(ai|xi_1)p;—1(2;_1) is Lipschitz continuous with respect to @, ; with
constant

Kpl, = pla Ko+ Kot (1.25)
To see this, consider the Lipschitz continuity of the product of two Lipschitz
continuous functions and the subtraction-addition trick used in the update
formula part of the proof of Lemma 4.3.

The function K(a¢|xi—1)p:(xi—1) is non-negative hence we can employ Lem-
ma 4.2 to compute

pay) = /K(at|$t—1)pt—1($t—1)dﬂﬂ‘t—l

v

/ K(at|mt—1)pt—1(mt—1) dx; 4
[let—1—ar—1]|<r

D,V
(K(at|at71)pt71(at*1)>d+l (K;Z(;d

d+1 (K(ai|a; 1)) DyVy -

AL = P (ay). (4.26)
Thus (4.26) determines p;(a;) on the basis of p;_;(a@;—1) which is assumed to
be known from the preceding step. However, as we know that p}(a;) and
P;(a;) coincide, we actually need only to focus on computation of p;(a;) and
p;_1(as—1) can be replaced by pf_;(a;—1) in (4.26) for ¢ > 2.

v

> (pia(ai))

The introduced procedure sequentially computes points a1, as, ... a;, ... from
equation g(y, —h(at)) = gmax o0 the basis of observed values y,, Yo, ..., Yy, - - -,
t € N. For these points it further computes the sequence of lower bounds p; (a;)
by formula (4.26) where we use p}_,(a:) = P;_,(a;) on the basis of (4.24), i.e.,
we actually compute only the sequence of p;(a;) bounds. Concerning the start
of the procedure and computation of pj(a;) we set in (4.26) aq as the point of
maxima of py, which is assumed to be known, i.e., po(ag) = p°.. = ||po||ee and
pi(ag) = p°,.; or, if it is possible, we can compute directly pi(a;) = p;(a;) =
[ K(a1|zo)po(xo) dzo. In order to the procedure be applicable we assume that
the constants of (4.25) are at our disposal. This finishes the discussion of the
first item of our list.

Concerning the second item, as g;(a;) = gmax, it is straightforward to have

(gt(a't)z_?t(a’t))* = gmax]_ﬁ(at) (427)
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The third item. To complete the requests of our itemized list, we have
to show the Lipschitz continuity of both densities p,(x;) = p(x:|y,.,_,) and
pe(xy) = p(ay|yy,) for any t € N. The next lemma does the job.

Lemma 4.3. In the model described by the prediction and update formulas
(4.22) and (4.23), let the transition kernel K be Lipschitz continuous and
bounded in the first variable irrespective of the value of x,_, € R with con-
stants Ko > 0 and Kimax = || K (*|@i-1)||co < 00. Let the density g be Lipschitz
continuous and bounded with constants g, > 0 and gmax = ||g||cc < 00. Let
the function h used for specification of g,(x;) = g(y,|lx:) = g(y, — h(x)) be
Lipschitz continuous with constant h, > 0. Then for each t € N,

e p,(x;) is Lipschitz continuous with constant P, = K1,

o p,(x;) is bounded from above by 7. = Kimax,

o pi(xy) is Lipschitz with constant p', = (gmaxK1a + Kimaxgaha)/ (Teg:)*,
pe(x)

x;) is bounded from above by pt .. = (GmaxK1a)/ (Tegt)*

Proof: In the case of prediction formula we have for any u, v € R,
pi(u) —p(v) = /(K(u\a}t_l) — K(v|zi1))ps(2-1) dy 1,
P(w) =Py (v)] < / | K (u|xi-1) — K(v|we)|p(eer) da,

Pw) —p) < Killu—vl| / p(@er) d@iy = Kiallu — o],

Thus, the prediction density p, is Lipschitz continuous with the same constant
as the transition kernel in the first variable.

The boundedness is straightforward as p,(€;) < Kimax [ pr(€1—1) di—1 = Kimax-
For the update formula the proof is slightly more difficult. For any u, v € R,

Ipe(u) — p(v)] = ’gt(u)ﬁt(u;t_gtgt(wmvﬂ-

Let us denote g, = gi(u), pu = Py(u), 9o = 9(v), p» = p(v). The above
equation then writes as

_ |gupu - gvpv| . |gupu — GuPv + GuPv — gvpv|
pe(u) —pu(v)] = - = — :
T+t T+t

|pt(u) — pt(’l))| < gu|pu - pv’_"’ pv|gu — gU’ ‘
TGt
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Now, g, = g:(u) = g(y,|u) = g(y, — h(u)). By the assumptions of the lemma
both functions g and h are Lipschitz continuous with constants g, and h,,.
Therefore g(y, — h(-)) is also Lipschitz continuous with constant g,h, (the
Lipschitz continuity of a compound function). As both g and K are bounded,
we have g, < Gmax, Pu < Kimax, the latter was just proved above, and therefore

gmax|pu - pv| + Klmax|gu - gvl

Ipe(u) — p(v)] <

Y

TGt
’pt(u) _pt(v)| < gmaxKlaHU—'UH +K1maxgahaHU—’U||
B TGt ’
gmaxKla + Klmaxgaha
|pt(u) _pt(’U)| S — ||'U/—’U||,
Tt
gmaxKla + Klmaxgaha
piw) = piv)] < = u — vl|.
() ~ i) el

Concerning the boundedness, from update formula (4.23) and the boundedness
of the prediction density p, we have

gt (wt)ﬁt (wt) < gmaxKlmax

O
TGt = (Tuge)

pt<mt) =

We see that under the assumptions on the Lipschitz continuity of the transition
kernel in the first variable with constant K3, and its independence of the value
of the previous state @, 1, the Lipschitz constant !, of the prediction density
P = p(x¢|y,,_;) coincides with Kj,. The constant is time invariant and
independent of observations vy, ...y, ;, that is why we further use only the
symbol p,, instead of p,.

The Lipschitz constant p!, of the update density p;(x;) = p(x¢|y,,) is more
complicated. The constant is given by a ratio. The numerator is under the
assumptions of the lemma independent of time, however, the denominator
evolves with time so the Lipschitz constant does it so. In fact, it is indirectly
dependent on observations through (7;g;)*. From the proof, it is clear that we
could define p!, using the exact value of 7T;g;, but as we do not know it, we use
a lower bound on 7,g, in the definition of p,.

Inspecting the proof of Lemma 4.3, we immediately obtain for the Lipschitz
constant of g;(x;)p,(x;),

gﬁi = gﬁa = gmaxKla + Klmaxgahcw (428)

i.e., the constant does not depend on time and we can remove the time index
in the notation.
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4.3.2 Sequential computation of (7;¢;)*

In the previous section, we have presented the derivation of how to state a lower
bound (7;g;)* on T;g; integrals for ¢ > 1. In order to use the introduced
formulas in an algorithmic way let us summarize the involved entities. We
start with constants.

e The Lipschitz constants K., Ks, of the transition kernel in both vari-
ables

K (ufzi—1) — K(v|@-1)]

K (]u) — K(z|v))|

< Ki||lu —wvl|| for any u,v,x,_; € RY,
< Kyu|lu —vl| for any u,v,z, € R

e The bounding constants Kipax, Komax On the transition kernel in both
variables

K(wt‘mt—l) S Klmax = ||K(’mt—1)||00 < oo for any Ty € Rd ﬁxed,
K(z|zi 1) < Komax = || K(2])||oo < 00 for any , € R fixed.

e The Lipschitz constant g, of g, i.e., |g(u) — g(v)| < ga|lu — v]|| for
u,v € R

e The bounding constant gp.x on observation density, gmax = ||9]|c0 < 00.

e The Lipschitz constant h, of h, ie., |h(u) — h(v)| < hy||lu — v|| for
w,v € R

Further we have the following computed entities.

e The bounding constants on the prediction and update densities

Prnax = Kimaxs  Phoax = % (4.29)
e The Lipschitz constants of the prediction and update densities
Po = Kia: Pl = (gmaxKia + KimaxGaha)/(Tige)" (4.30)
e The Lipschitz constant gp,, of g;(x;)p, ()
9Po = GmaxK1a + Kimaxgala- (4.31)
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e The Lipschitz constant Kp!, of K(a|@i—1)pi—1(xi—1)

Kpta = pfr:alxK%V + K2maxpg_1- (432)

e The auxiliary constant

M = (¢ ED4V3)/(gPa)" (4.33)

After the summary is presented, we can proceed to the algorithm of the se-
quential computation of lower bounds (7;g,)* for ¢ > 1.

e 0. declarations
set up Klaa K2a> Klma)o KZrnaX7 Ja; Ymax, hon
set up - Dy, Vg,
set up po - the initial density,
set up T' € N - the computation horizon.

e 1. initialization
t=0,
set ]_?max - Klmax7 ﬁa - Klaa
set 9Py = Gmax 10 + Kimaxgala,
set M = (g5hxDaVa)/ (9Pa)",
set agy as the point of maxima of py,
set p . as the value of maxima py,
set p as the Lipschitz constant of py,

set ]_98(0'0) = p?nax'

e 2. sequential computation
t=t+1,
compute a; as the solution of g(y, — h(a;)) = gmax,

K t _ o t—1 K. t—1
Po = Pmax2a + KQmaxpa y
d+1 (K(at|at71))d+1DdVd

Pi(a) = (7_y(a-1)) 1)) Dy

(Fi90)" = (g (@)™ 25 = (B (@)1 M,
t — gmaxKlmax

set Prax = (Tege)*

t gmaxKla+Klmaxgaha _ gﬁa
8¢t Do TGe)r T G

e 3. end if t =T end, else go to step 2

Algorithm 4.1: Computation of exact lower bound on 7, g;.

80



The presented procedure of (7;g;)* specification is mathematically correct in
the sense that it is based on the proved assertions of the employed theorems
and lemmas. On the other hand, its practical applicability is problematic for
higher dimensions and times as the exact lower bound goes rapidly to zero
with the dimension and time increasing. This can be seen by an inspection of
the recursive formulas in part 2 of the algorithm, when typically K(a;|la;_1)
is less then one and any increase in dimension d dramatically accelerates the
rate of the convergence of (7;g;)* to zero.

4.3.3 Approximate bounds

In this section we introduce three approximations of g, integral or its lower
bound. The approximations are based on the empirical distributions generated
during the operation of a SMC particle filter.

1. The most straightforward idea is to approximate
1 n
TG & Ty g = /gt(wt) dmy = n Zg<yt — h(x})). (4.34)
i=1

That is, we employ for the approximation the empirical distribution 7} which
is computed during the operation of a filter. The rationality of the approxima-
tion is ensured by the convergence of empirical measure 7} to the theoretical
measure 7;. Clearly, the quality of the approximation increases with the in-
creasing number n of employed particles.

2. In the second approach we do not approximate m;g; directly, but we ap-
proximate the value of the prediction density at point a; given as the solution
of g(y, — h(a;)) = gmax equation. The approximation writes as

= —=n n 1 . 7
Pilay) = p(ar) = m' K(a|@i-1) = - Z K(ai|z;_,). (4.35)
=1

Further, we use Lemma 4.2 and set the lower bound on 7;g; according to
formula (4.21), i.e.,

d+1
d+1 gmade‘/d

d+1 Dd‘/d __ (=N a
(pt< t)) (92_9&)‘1

(g}—?a)d - = (ﬁ?(a’t» i M.

(4.36)

(Te9:)™ = (9:(as)py (ay))

The advantage of this approach is that we work only with samples from 7}* ;
empirical distribution. It could happen that we would need to increase the
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number of employed particles in the filter when going from time ¢ — 1 to
time t. The natural point in the SMC algorithm where this may be performed
is the resampling step; and in fact searching for a suitable number of particles
is an iterative procedure including iterative computations of 7, g, integral or its
lower bound. Employing the first approach we would need to work with both
empirical distributions 7" ; and 7. In the second approach, we work only
with the empirical distribution 7" ; and we do not need iteratively recreate
distribution 7} during the search for suitable n. However, the problem of
changing the number of particles is out of scope of this thesis and will not be
developed here in more details. We only wanted to mention a situation when
the second aproximative approach is advantageous.

3. The third approach is slightly more elaborated. In the preceding approxima-
tions we replaced the theoretical expected values by theirs empirical estimates.
In the first approach we actually state that m,g; = 7/'¢g; and in the second
p.(ar) = P} (a:), which is equivalent to the statement of [p}(a:) — p,(a:)| = 0.
Let us work further with the second approach and weaken the statement by
assuming only that

I (a:) — pi(ar)| < e (4.37)
for some € > 0. We will search for a suitable ¢y and check if the assumption is
reasonable for the given number of samples n.

The assumption (4.37) has three consequences:
e D} (a;) — e forms the lower bound on p,(a,), i.e., p,(a;) > (P} (a;) — €),

o (T1g9:)*"(€) = (p(ay) — €)M, with M given by (4.33), gives the lower
bound on 7;g; by Lemma 4.2,

e finally, from (4.37) we have also

E[p; (@) — pi(ad)]] < e (4.38)
In what follows we investigate if (4.38) holds.

Lemma 4.4. In a SMC particle filter, let a; € R, t € N be such a sequence of
points that g(y, —h(a;)) = gmax hold allt. Let the transition kernel of the filter
K be bounded in the second variable by Ksnax < co. Let p(a;) be computed
according to formula (4.35). Let

ﬁt(at)n
d+2°

Then for each t € N, there exists such n{ € N that E[|p}'(a;) — p,(a:)|] < €.

(Tege) " (e0) = (P} (ar) — €0)™' M for € =

(4.39)
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Proof. To simplify the notation we abbreviate p}(a;) to p} in the following
paragraphs. First of all note, that the lower bound (7.g;)*"(€o) specified ac-
cording to formula (4.39) is reasonable because it is positive. This is given by

the fact that ¢y < p}' and therefore p; — ¢y > 0.

In (4.39), the value of ¢ is specified as the point of maxima of term - (p' —¢)@+?
on interval [0,7}]. Clearly, the term is non-negative continuous on [0, p}| with
zero values at endpoints, hence there is some maximum reached. Setting the

derivative of the term to zero writes as
@ — o)™ —e(d+ 1)@ - = 0,

Py —e—e(d+1) = 0,
Py —€e(d+2) = 0,

€0 = pi/(d+2).

At the point of maxima we have

(_n ﬁ?)_dﬁ?JrZﬁ?—ﬁ? _ad+1

Pr = 09 d+ 2 — P

d+1

and therefore €y (p] — €)**" reads as

)d+2Dd+1 )

ﬁ? (—n)d+1 d+ 1 s _ (—n)d+2 1 d+ 1 o _ (—n
d+2 d+2 — d+2) \d+2 —
Similarly,
" d+1
mg) () = 31 (5t = B ) = M@+ DD

To proceed note that

. Meo (p} — €0)™™  M(p})"*?Dasq
0= — =
M(Pt - €0>d+1 (tht) (50)

Now, let nY be such a mininimal n € N that

Cr1 5gmax K2max < €0 = M(]_jm)d-i_QDdJrl
(Tg)*(€0) /nd T (7e9:)* (€0)
5 gmax o 2
2 max max <
e {M (T??)d“DdH} =
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Such n? exists because on the left-hand-side of (4.41) we have constants and
the random variable p} = p}'(a;) converges (stabilizes) a.s. as n — oo.

Let us assume that the number of particles n employed in the filter is greater
or equal to n? for all ¢ € N. Let us show that in this case the assumption (4.37)
is consistent with its consequence (4.38) given the operation of the filter.

First of all, Tyg; = [ gi(@:)P,(xt) dxy < gmax- The SMC filter’s convergence
formula (2.43) applied to function f(x;—1) = K(a|x;—1) writes as

Agmax |* K2 B gmax | - K2
E -n = 2 < 2 1 max 2max < 2 max Qmax.
7200 ~pulan)f] < by |14 2o | Komes < [ s |

Using the Jensen’s inequality this gives

5gmax:| KQmax < |:5gmax:| KZmaX
Cr

L Y (G AR RV
for any lower bound on T;g;. Since (T:g:)*"(€o) is the valid lower bound by

assumption (4.37) and we assume that n is so large that n > n for all ¢, the
inequality (4.40) applies and we have

E[l5 (ar) — Bu(2)]] < coot [

max K max
29 ] 2 < e

I @) - Blan)] < o | o] F2 o

what we wanted to show. O

Let us review the presented approach. We assume that [p}(a;) — p,(a:)| < €
for some ¢ > 0. We search for a reasonable value of € which we denote ¢,. The
assumption implies that p}(a;) — € is a lower bound on p,(a;). In order to
a lower bound be non-negative it must be ¢y < p}(a;). The selection of ¢
determines the minimal number of samples n? which assures that E[|p?(a;) —
Pi(ay)|] < €. That is, we require the consistency of the assumption with its
consequence under the operation of the filter. In fact, this is the criterion
which drives the justification of the assumption.

One may ask why ¢ is selected in the presented way. In fact the selection maxi-
mizes the denominator in (4.41), which minimizes n?. Indeed, the denominator
writes as M (p?) 2 Dgy1 = Meo (P} — €0)?™ which maximizes € (pf' — €)1 M
on the interval [0, 7} (a;)].
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5. Experiments

Here we present software implementations of the theory developed in the pre-
vious chapters together with outputs from the related computer experiments.
As our research was not driven by any concrete application, we apply the SMC
filter and kernel density estimation methodologies on the filtering problem of
a Gaussian process. This problem has the analytical solution - the well know
Kalman filter [Kalman 1960; Fristedt et al. 2007; Pollock 1999]. The purpose
of this decision is to check if empirical results from computer simulations fol-
low the analytic counterpart. By replacing the Gaussian transition kernel and
Gaussian observation density by general entities we can build an appropriate
SMC filter for a general Markov process, but without the possibility of checking
against the analytical solution. For this reason we chose the Gaussian process
as the first to test our results.

5.1 Univariate Gaussian process

Let us start with the univariate case. The signal and observation processes of
Section 2.6 are specified as

Xt = aXt_l + b+ CWt, }/;5 = hXt + g‘/;g, t> 1. (51)

In (5.1), a, b, ¢, h, g are some fixed constants, ¢, g > 0, and Xo, Wy, Vi, Wa, Vs, ...
are univariate real-valued Gaussian random variables with X, ~ N(u,03)
and Wy, Vi, Wa, Vy, ... are i.i.d. standard normal, i.e., Wy, Vi ~ NV (0,1). From
these assumptions we see that {X;,t > 0} forms a Markov chain with the
Gaussian transition kernel and the initial distribution being normal, i.e.; Xy ~

N(:U’Oa 0(2])

Watching a stream of observations Yy, 1 < s < ¢, the filtering task is to estimate
the current value X; of the signal process in terms of the conditional expected
value E[X;|Y7,...,Y;] = E[X;|Y14]. The expected value is one of the integral
characteristics of the conditional distribution of X; conditioned by Yi,...,Y;.
It can be computed analytically and the result is known as the univariate
Kalman filter; or it can be stated empirically on the basis of samples from
the related conditional distribution provided by the Gaussian SMC particle
filter. Before we state the components of the filter let us remind the recursive
formulas of the analytical solution.
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5.1.1 Univariate Kalman filter

We follow [Fristedt et al. 2007] with the modification that we start the ob-
servation process at t = 1 in order to be compatible with our framework for
particle filters. In [Fristedt et al. 2007] on p. 133, there is shown that the pro-
cess Z; = (X4, Y;) is Gaussian and the vector (Xi,Y),...,Y;) has a density.
The density is multivariate normal and therefore the conditional density of X,
conditioned by Yi,...,Y; is univariate normal for fixed Y} = y1,...,Y; = y.
The task is to find the parameters of this conditional density in terms of mean
and variance, i.e., the values of fi; = E[X;|Y1,] and 62 = E[(X; — jis)? | Yi.e].

The solution of the above task has the form of the following formulas for ¢ > 1,

2 2 2 62 Jah(y; — bh) + v
b= Lo Spyy L0t Z W) vy
v w2 v? h?67 a? + v?
6'2 — g_4a2 a-152—1 9202 <5 3)
K v2 h262 ja® + 02 0 '

where v? = ¢*h% + ¢2, fip = po and 67 = o3.

Using recursively the above so-called Kalman’s equations we obtain sequen-
tially the integral characteristics, i.e., mean and variance of the distribution of
X, conditioned on what was observed. Note that the formula for variance is
deterministic, i.e., it does not depend on observations.

5.1.2 Univariate Gaussian SMC filter

The schema (5.1) can be easily transformed into the SMC particle filter design.
First of all, from the specification (5.1) we see that the signal process forms
a Markov chain with the time-homogeneous Gaussian transition kernel

1 (v — azy_q — b)T

e\ 2T 2c2

K(z|ziq) = exp [— (5.4)
The function h; of (2.24) is also time-homogeneous, linear and without an
absolute term, i.e., h(u) = hu. The density of gV} is the density of N(0, ¢%).

Hence function g; of (2.26) writes for all t > 1 as

exp l—(%;—g”fﬂ | (5.5)

€T =
S = o

Note that we are exposed here to a mild indiscipline in the notation as we use
h and g letters to denote constants of (5.1) and functions of the general SMC
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particle filters” framework. However, from the context it will be clear which
role is applied.

In order to implement methodology presented in Chapter 4, we have to specify
certain constants and check the Lipschitz and Sobolev character of relevant
densities. As the transition kernel (5.4) and density (5.5) are Gaussian, the
constants and the character of densities relate to properties of the density
function f of the general univariate normal distribution N '(u, 0?),

)= e [-E ] (5)

oV 2w 202

Let us show that the density of N'(u, 0?) is bounded and Lipschitz on R. The
derivative of (5.6) reads as
(z— ) (x — N)Q]

"(z) = — exp |—
o)== B ey |-
with zero obtained at point z* = p. This point is the point of maxima of f
and its value f(u) = #ﬂ does not depend on the value of p.

To show the Lipschitz continuity we search for an upper bound on |f’|. We
have . ( 2 ( 2
" r—H r— K
) = s mep | ][Iy

with zero reached at points x* = pu 4+ 0. From the expression for f’ we see
that the absolute value of extrema is |f'(z*)| = ﬁexp[—%]. As the first

derivative is bounded by |f/(z*)| the density f is Lipschitz with constant f, =
| f'(x*)| by the mean value theorem.

The specification of transition kernel (5.4), when considered as a function
of x4, coincides with the density function of N'(u = az;_; + b, 0 = ¢*). Hence
the transition kernel is bounded and Lipschitz in x; variable with the relat-

ed constants specified as Kijnax = maxg, {K(zzi 1)} = #ﬂ and K, =

#ﬁ exp[—3]. Concerning the transition kernel (5.4) as the function of z,_;
variable, we employ the fact that K (x|z;—1) = f(ax;_1) for f being the den-
sity of M(u = x4 — b,0* = ¢*). This immediately gives the boundedness
with the same constant as above, i.e., Konax = maxg, , {K(viri-1)} = - 127T.

The Lipschitz constant in the second variable is then given by product K, =

62‘;'2; exp[—3] because the Lipschitz constant of function az,—; is |al.

The observation density g(-) corresponds here to the density of A(0, g%) dis-
tribution. Therefore it is bounded and Lipschitz with the respective constants

of gmax = g\/#% and g, = ﬁ exp[—3]. Further, h, = || because h(x) = ha.
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5.1.3 Sobolev character of univariate filter

Here we specify the values of entities related to the Sobolev character of the
filter. The distribution of Xj is univariate normal, i.e., Xo ~ N (u0, 02), 1o €
R, 09 > 0.

For the corresponding density py, we have
2 (v — po)? (z — po)? 90 2 2
/(pf)(:r:)) dx = /O‘ST exp {_0—8 dx = = z¥exp(—z9) dz
1
osd\/T
Therefore py is 1-Sobolev for Ly = 1/(o34+/7) by Lemma 3.4.

In order to present the Sobolev character of the filter we show that for the
Gaussian transition kernel there exists 1-Sobolev bounding function. That is,
we show that the case (i) of Theorem 4.2 applies.

The Fourier transform of the transition kernel (5.4) writes as
K]—'((,U) = ‘F[N(axt—l + b’ 02)] — eiw(a$t—1+b)7%(wc)2'

Cleal“ly, |K]:((,d>| — 6_%(wc)2|eiw(art_1+b)| < 6_%(“10)2‘

For the upper bound e~ and £ =1 we have

-1 28 —l(wc)2 2 _ -1 2 —(wc)? _ _ﬁ _ 1
(2m) /w le™2' @9 |2 dw = (2m) /we dw_2772c3_—c34ﬁ'

Thus, | Kr(w|z1)|* < |Ky(w)| with the bounding function Kj(w) = e~ 2(«e)’
which is 3 = 1 Sobolev with Lg, = 1/(c34/T).
5.1.4 Properties of univariate (Gaussian kernel

Concerning the kernel density estimations, it is natural to choose the standard
Gaussian kernel

K(u) = \/12_7Texp <—“;) (5.7)

to create the estimator.

The order of the Gaussian kernel is £ = 8 = 1. Indeed, Kr(w) = e %% ie.,
Kr(0) = 1. Kip(w) = —we 0% ie, K%(0) = 0. Kiw) = (w? — 1)e 05",
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ie., K%(0) = —1 # 0. Searching for the constant A of Theorem 3.2 leads
to the solution of equation (w?® + 1)e %" = 1 which localizes the point of
maxima of (1 — Kr(w))/w for w € (0,00). The solution has to be searched
numerically! and writes as w* &~ 1.5852. This gives |1 — Kz(w*)|/|w*| ~ 0.4513
and therefore a safe choice for A is A = 0.5.

The last entity to specify is the Ly norm of the kernel. We have

N

—=——= h K|l =
27T 2ﬁ ence H ||

IKIP = 5 [ exp(-a?)du= (5.9)

1
\/§7T1/4'

By this we have specified all ingredients needed to run the univariate Gaussian
SMC filter and to compute the respective characteristics of interest.

5.1.5 MATLAB implementation

We implemented univariate SMC particle and Kalman filters in a form of the
function in the MATLAB® computational environment R2012a (ver. 7.14).
The implementation of the SMC filter follows the pseudocode of Algorithm 2.2
presented in Chapter 2. The Kalman filter is based on Kalman’s equations
(5.2) and (5.3).

The interface of the function writes as

[SMCm, SMCvar ,KFm,KFvar]=uvsmc (HMM,T,n)

Inputs:

e HMM - is the row vector of seven parameters of an univariate state process.
It reads as HMM=[a,b,c,g,h,m0,s0] where a,b,c,g,h are the parame-
ters of the Markov chain introduced in formula (5.1), and m0,s0 are the
parameters of the initial normal distribution of the chain.

e T - is the computational horizon.
e n - is the number of particles.
Outputs:

e SMCm - is the empirical expected value computed on the basis of the
distribution generated by the SMC filter at time T.

lsolve (22 4+ 1) *exp(—0.5*2%) = 1,2 > 0 at http://www.wolframalpha.com
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e SMCvar - is the empirical variance computed on the basis of the distri-
bution generated by the SMC filter at time T.

e KFm - is the theoretical expected value of marginal filtering distribution
computed by the Kalman filter for time T.

e KFvar - is the theoretical variance of marginal filtering distribution com-
puted by the Kalman filter for time T.

The script further produces a graphical representation of the kernel density
estimate of filtering density altogether with its theoretical version.

The source code of the script is presented in Appendix A.

5.1.6 Experiments with univariate Gaussian SMC filter

We have performed several experiments with the filter. The parameters of the
process (5.1) were set asa=1,b=1,c=1,h=2,9g =1, = 0,00 = 1. The
computational horizon was 7" = 100 and we ran the filter for n = 10, 100 and
n = 1000 particles. The results of the experiments are presented in Table 5.1.

T:loo‘ ﬂT ‘ ur H |,&T_,MT| ‘5’T—SMC‘UT—KF‘ |6'T—O'T|

n=10 81.57 | 81.44 0.13 0.3485 0.2071 0.1414
n=100 | 97.84 | 97.74 0.10 0.1976 0.2071 0.0095
n=1000 | 95.10 | 95.08 0.02 0.2033 0.2071 0.0038

Table 5.1: Comparison of univariate Gaussian SMC and Kalman filter.

Inspecting the table, we see that the values of empirical integral characteris-
tics are in a good agreement with theirs theoretical counterparts. In Fig. 5.1
there are graphically presented kernel estimates of true densities of filtering
distributions at computational horizon 7. In the figure, we also present the
values of 7}'g, approximate integral computed according to formula (4.34) and
corresponding lower bounds (7:g:)*"(€o) given by formula (4.39).

Let us discuss the values of 7} g, integral. By inspection of Fig. 5.1 we see
that the value of the integral varies around some average value. This value is
around 0.1. As we have ||g||oc = gmax = 1/Vv/2m = 0.4 we see that the quotient
q = (1 + 4gmax/7T)gr) of (2.48) has average value ¢ = (1 + (4-0.4)/0.1) =
17. Hence the exponential growth of ¢; applies substantially here. Therefore
we cannot directly specify some reasonable number of particles in MISE
formula (4.1), when we require certain prescribed precision, because C; grows

90



0.9 T T T T T T 0.35 T T T T
08l ]
03 g
0.7+ A
025} g
0.6 A
05 i 02 j
04r 1 015
03 ]
01p g
02 i
005} g
01 —
0 L e . L DS L 0 AT /w\/\:‘\”/\ N /\/\/‘\\ ARV ,/\\,/\/}/\,/\’\/"/7\/\/
78 79 80 81 82 83 84 85 0 20 40 60 80 100
solid - kernel estimate, dashed - theor. density, n=10 solid - 7} g; integral, dashed - (7:g;)*" (eg ) lower bound
t
1 T T T T T T T T T 0.2
09 ] 018}
0.8 A 0.16 -
07 ] 014}
0.6 A 0.121
05 ] 01p
04l ] 0.08
0.3F A 0.06 -
02 ] 004}
01r ] oozr N AAA N m Al an o~ AR
;\,’\\\,’\///\ “M\/“‘ \\/r\\ /\/\\, ’/ v \\ i \\ /r\\“ \\’r \/, \ // \ rAINY N JARY \\"\\’/ \ Mr \ /r\
0 =7 L L L Il = L " i Kl v 1Y N, My L L ¥ Ny Il VAl N
955 96 965 97 975 98 985 99 995 100 1005 0 20 40 60 80 100
solid - kernel estimate, dashed - theor. density, n=100 solid - T} g; integral, dashed - (7 g+)*" (o) lower bound
1 T T T T T T T T T 0.18
09 — 0.16 i
08 ] 0.14 —
07 ]
0.12 B
0.6 A
0.1 4
05 ]
0.08 B
04F —
0.06 g
0.3F A
02} i 0.04 1
0.1+ 4 0.02 r ~ | , R ) B
Vo “ ’y\”c\\\/ A \’\/\/t\, Y “r\ ‘\\/"\ /J‘\//"H\A\e \ "/\f\\ A ’y'\/\ A /r\/
o L = L L L L L L 0’\"‘»‘\\ - y L - " Vq/\"\‘
925 93 935 94 945 95 955 96 965 97 975 0 20 40 60 80 100

solid - kernel estimate, dashed - theor. density, n=1000  solid - 7} g; integral, dashed - (7 g;)*"(€o) lower bound

Figure 5.1: Outputs from univariate Gaussian SMC filter.

also exponentially. Using approximate lower bounds makes the situation even
worse as the average value of (T.g:)*" (o) is around 0.01. The exact bound of
Section 4.3.1 is also inapplicable here due to the long computational horizon.
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The problem with the exponential growth of ¢; constant is reflected in the lit-
erature. Let us cite from [Doucet et al. 2001] p. 87, “The sequence ¢; increases
exponentially with time, however, so one must also increase the number of
particles exponentially with time in order to ensure a given precision at time t.
Nevertheless, it has been shown in [Morral and Guionnet 2001] that, under
additional assumptions on the theoretical optimal filter, one can obtain a uni-
form convergence result on the marginal distribution at time ¢, which
is a bound independent of time.”

That is, under some additional assumptions, there exists ¢ > 0 independent of
number of particles n such that, for all ¢ > 0 and for any f € B(RY), E[|7T?|tf —
myef?] < ¢-n=®]|f||% where a < 1. The uniform convergence result is based
on the fact that the theoretical optimal filter, that is m;, exponentially forgets
its initial distribution my(dxo). This fact is closely linked to the ergodicity of
the underlying dynamic model.

So the solution to the presented problem of ¢; exponential growth would be
the uniform convergence of the filter. Unfortunately, we do not have at our
disposal such result for the case of the Gaussian process.

2 T T T T T T T T T

15 1

1+ -

error

0.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Figure 5.2: Difference of means from univariate SMC and Kalman filter.

On the other hand, the approach presented in [Heine and Crisan 2008] entitles
us to consider the convergence of the Gaussian SMC filter to be uniform in
spite of the absence of the explicit expression for the constant of the uniform
convergence. The reason for this is presented in Fig. 5.2

In the figure, there is presented the graph of error |, — p| over long time
period t = 1,...,10000 for n = 100 particles employed. We see that the
error is uniform in time, which suggest the uniform convergence of the filter.
However, the explicit specification of the related constant is likely a matter for
further research as we were not able to find it in the available literature.
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5.2 Multivariate Gaussian process

After the univariate case of a Gaussian Markov process was discussed, we
move to the general dimension d > 1. The counterpart of the univariate
state/observation formulas writes as

Xt:Fthl_'—Wt; Yt:HXt+Vt, tz 1 (59)

where F, H are d x d regular matrices and W; ~ N (0,Q), V; ~ N(0,R) are
multivariate Gaussian noise terms with d x d covariance matrices Q and R.
The state process {X;,¢ > 0} forms a multivariate Markov chain with the
Gaussian transition kernel. The initial distribution is considered also multi-
variate normal, i.e., X¢o ~ N (g, X0), o € R? and 3y is a d x d covariance
matrix.

The multivariate filtering task has the same structure as the univariate one.
We want to state the best estimate (in Lo sense) of the current state on the
basis of an observed history. Mathematically, this requires specification of con-
ditional expected values E[X,|Y,..., Y| for t > 1. At a given time instant ¢,
the conditional expected value is the integral characteristic of the respective
conditional distribution which actually represents the filtering distribution we
are searching for.

The vector (X, X1,Y1,..., X, Y ) is multivariate Gaussian because it is giv-
en by a linear transformation of the Gaussian vector (X, W1, V4, ..., W, V)
[Fristedt et al. 2007]. Therefore the filtering distribution has also a multivari-
ate normal distribution determined by a vector of means p, and a covariance
matrix ;. The preservation of the normal character of the filtering distribu-
tion over time allows the analytic expression of its parameters. The result is
known as the multivariate Kalman filter.

5.2.1 Multivariate Kalman filter

The results of the theoretical analysis presented in [Pollock 1999] pp. 244 and
246 give the following recursive Kalman’s equations which are computed in
several steps using some auxiliary variables for ¢t > 1:
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M1 = Fpyy (state prediction)

i1 = FY, . FT +Q (covariance prediction)
K, = %y H (HZ), H +R)™" (Kalman gain)
B = Myt Ki(Y¢ - H“th‘fl) (5.10)
Et - (Id - KtH)Et‘t—l (511)

Using the above formulas, we can recursively compute the determining char-
acteristics of the filtering distribution over time. Due to the normal character
of the distribution we have apparently E[X,|Y1,...,Y ] = p,. Further, simi-
larly as in the univariate case, the formula for the evolution of the covariance
matrix is deterministic. That is, it is not affected by observations.

5.2.2 Multivariate Gaussian SMC filter

The incorporation of schema (5.9) into the SMC filter’s framework stems from
the specification of the Gaussian transition kernel. This specification reads as

K(xy|xiq) = (27r)_g|Q|_% exp [—(x — Fz;.1)"Q 'z — Fz,1)] . (5.12)

The above formula reflects the multivariate normal character of noise term
W, in (5.9) and in fact corresponds to the specification of the density of
multivariate normal distribution N (FX;_1, Q).

The analysis of properties of a general multivariate density helps us to specify
bounding constants K pax, Komax and Lipschitz constants K., K, required
for computations related to the Gaussian SMC filter.

The density of a multivariate normal distribution N (p, ¥) with mean p € R?
and a d x d symmetric positive semidefinite covariance matrix 3 has form

p(@) = (2m) 4] dexp |~ (@ - )5 @ — ) (5.13)

with the gradient Vp given by respective partial derivatives

_o

Vp(z) = .

= px) = (p— ). (5.14)

It is well known, and can be easily shown from (5.14), that maximum of p(x)
is reached at * = p with the value of p(x*) = ppax = (27r)‘g|2|_%.
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The value of maxima pp,.« does not depend on the value of expectation p. This
immediately gives us the bounding constants for transition kernel (5.12) as

Kinax = Komax = (27T)7g|Q|7% (515)

As 7! is also symmetric positive semidefinite matrix, it has non-negative real
eigenvalues A1, ..., \g. Denoting A, or A\, minimal or maximal eigenvalue,
respectively, the well known inequality for positive semidefinite matrices gives

)\min|]u\|2 <u'Ylu< )\max|]u\|2. (5.16)

Therefore we have

] ) 1
exp | —5 (@ — )3 (@ - u)} < exp {—§>\minl|$ - Mﬂ -

Since the spectral norm of 7! equals to Apax, i.€., ||E_1||spc = A\pax the
expression (5.14) for the gradient of p(zx) implies

Vol < [=p@)] - (1Z e [l — ],

A 1
Vpl] € —F—exp {——)\min T — 2} e — ]
Vol 2[5} 5 Awin [ = B[P - [[@ = ]

Searching for the maximum of function f(z) = zexp[—0.5\ninz?], 2 > 0 gives

the point of maxima 2* = 1/v/ Ay and f(2*) = 1/v/Amin exp[—0.5]. Thus

AIIIaX 1
< — | = K,. 1
190l < e [ 5| - K (5.17)

We employ the above formula for the specification of Lipschitz constants of
transition kernel (5.12). The multivariate Taylor’s theorem applied to a general
density (5.13) states that for any @,y € R? there exists some £ = +9(y —x),
¥ € (0,1) such that p(x) — p(y) = (Vp)T(€)(x — y). Employing (5.17) this
implies that

p() = p)| < IV Il - |z — yl| < Ko |z - yl|,
i.e., p(x) is Lipschitz with constant K, given by (5.17).

Since K, does not depend on the value of expectation, the constant K, also
determines the Lipschitz constant of the transition kernel K (x|x;—1) of (5.12)
in the first variable. That is

)\max 1
K, = - exp [——} .
)\min(27-r>d’(;’2’_5 2
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Concerning the Lipschitz constant of the transition kernel in the second vari-
able we may consider K (x;|a;_1) of (5.12) as the compound function of the
denstity of N (-, Q) distribution and linear function Fa; ;. Employing the
properties of spectral norm we have ||Fy,_; — Fa;1|| < ||F||spel|yi_1 — Ti-1]]:
i.e., linear function Fa,_; is Lipschitz with constant ||F||,.. The compound
function determining the transition kernel as the function of x; ; variable is
then Lipschitz with constant

)\max F spc 1
Ky — P Flle {__]
)\min(27r)d’Q|_§ 2

The identical considerations then specify the Lipschitz constant for function
g(y, — Hx;) where g is the density of N(0,1;) distribution. The Lipschitz
constant of this compound function with respect to @, variable reads as g,ha

where =] .
aha:ﬂ - 5| -
I (2m)d eXp{ 2}

5.2.3 Sobolev character of multivariate filter

The Sobolev character of the multivariate filter is given by the Sobolev char-
acter of the multivariate Gaussian transition kernel. Let us show that the
conditional characteristic function of the kernel is bounded, which implies the
Sobolev character of the filter.

We have
Fr(wlxi—y) = /e““”“’”K(wJazt1)da:t:.7-"[N(F:ct1,Q)],
- 1
Fr(wlzi1) = e/ Fr1) exp [—ﬁwTQw},
and therefore
1, 1 ,
| Fr(wlzi—1)| < exp —5w Quw| <exp —5)\min||wH = Kp(w)

where A, is the minimal eigenvalue of the covariance matrix Q.

Let us compute the Sobolev constant of Kj(w) for 5 = 1. We have

™

) [ ol P = ) ol exp [ Mol ] = e

vl
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From this result we immediately have also that any initial distribution with
covariance matrix 3 is 1-Sobolev with the constant Ly = 1/[44(y/A0_ )d+278]
where A2, is the minimal eigenvalue of ¥j. The obtained result is consistent
with the fact that all densities in the presented multivariate process (5.9) are

normal, i.e., the character of the involved densities does not change.

5.2.4 Properties of multivariate Gaussian kernel

Kernel density estimates in the multivariate SMC Gaussian filter are performed
using the multivariate standard normal kernel

K(w) = () o | —5u'T '] = @ fen |l Gas)

The specification of the L, norm of the kernel is straightforward. We have

IKIP = (r) [ expl-{[ulP) du = (4m) ¢ hence ||| = (4m) .

Concerning the A constant of the Theorem 3.2, we start with the Fourier trans-
form of the standard multivariate Gaussian kernel which corresponds to the
characteristic function of A(0,1,) distribution. That is Kr(w) = e @ 1w =
e~zlI” In order to specify some constant A we need to determine a bound
on the spectral norm of the Hessian of Kz. The entries of the Hessian matrix

H(Kx) reads as

PKr
ow?

J

OK r
&uj 8wk

(W = DEF(w), = Kr(w)wjwy, Jj# k.

In the matrix notation the Hessian writes as H(Kr)(w) = Kr(w)(ww’ —1,).
Employing the spectral norm we get

[H(EF)(W)]lspe < KJ—'(‘")HW""T_IdHSPC
< KJ-'("")(HW""THSPC + |Lallspe)
< Kr(w)(|w"||llw]| +1)
< Kr(w)(l[w]]* +1).

Note that for a vector w it is ||w]|spe = ||w||. Let w = & such that ||£]| < 1.
Then we clearly have ||H(Kx)(&)|| <2 as Kx(§) < 1.
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Now, the multidimensional Taylor’s theorem for Kr writes as
1 <& 1
Kr(w) = K£(0) + 5 D Kr(0)w; + -+ + Sw! [H(KF)(€)lw
=

As the standard Gaussian kernel is of order ¢ = 1 we have the first partial
derivatives equal to zero. Since Kz(0) = 1 then for any ||w|| < 1 the Taylor’s
theorem gives

1

Kr(w) =1 = o H(KR)(E)e,
K@) 1] < gl 1] [ @)oo ],
B < = )

Further |Kr(w) — 1] < 1 for all w and therefore |Kz(w) — 1|/||w|| < 1 for
||w|| > 1. Hence joining the two inequalities we finally get

|Kr(w) — 1

< max{l,1} = 1.
[l

So the A constant equals to 1, i.e., A =1.

The above considerations helps us to state the order of the kernel. The Fourier
transform of the kernel is Kr(w) = e 2’ so Kz(0) = 1. The related
gradient writes as VK r(w) = —e~2%”w, thus VK #(0) = 0. For the Hessian
of Kr(w) we have diag(H(K#)(0)) = —1. Hence the order of the kernel is
(=p=1.

5.2.5 MATLAB implementation and experiments

The multivariate SMC filter is again implemented in the form of a function in
the MATLAB computational environment. The implementation of the filter
follows the pseudocode of Algorithm 2.2 presented in Chapter 2. The multi-
variate Kalman’s equations are employed to obtain the parameters of filtering
distributions.
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The interface of the function writes as:

[SMCm, SMCcov,KFm,KFcov]=mvsmc(F,Q,H,R,T,n)

Inputs:

e F,Q,H,R - are d x d matrices determining the model of the Gaussian
process specified in (5.9).

e MO, SO - are the parameters of the initial distribution of X ~ N (s, Xo).
e T - is the computational horizon.
e n - is the number of particles.

Outputs:

e SMCm - is the vector of empirical expected values computed on the basis
of the distribution generated by the SMC filter at time T.

e SMCcov - is the empirical covariance matrix of the distribution generated
by the SMC filter at time T

e KFm - is the vector of theoretical expected values obtained from the
Kalman filter for time T.

e KFcov - is the theoretical covariance matrix obtained from the Kalman
filter for time T.

If the dimension of state process is d = 2, the script produces graphs of kernel
density estimate and theoretical density of the marginal filtering distribution.

The source code of the script is presented in Appendix A.

We have performed several experiments in order to check if the computational
behavior of the Gaussian SMC filter coincides with the analytical results. The
experiments were performed for the following setting of parameters: F = 1,
Q =2I;, H = 2I;, R = I;. Computational horizon was set to T" = 100.
The results of three experiments with different number of particles n = 10, 100
and n = 1000 are presented in Table 5.2. Graphically, the obtained density
estimates and theoretical filtering densities are presented in Fig. 5.3.

On the basis of the inspection of numerical results presented in Table 5.2, we
can state a good agreement of numerical characteristics delivered by the Gaus-
sian SMC filter with the theoretical characteristics of filtering distributions.
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Figure 5.3: Kernel density estimates generated by a Gaussian SMC particle
filter and theoretical filtering densities for a two-dimensional Gaussian process.
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T=100 | fr  pr |y —prll]  Sr-SMC Y7 - KF

n=10 32.25 31.92 0.1472 0.0992 | 0.2247 0
-18.43 -18.65 0.41 0.0092 0.4290 0 0.2247

n=100 0.46 0.48 0.1557 -0.0212 | 0.2247 0
-2.16 -2.04 0.12 -0.0212 0.2144 0 0.2247

n=1000 -2.76 -2.75 0.2207 -0.0036 | 0.2247 0
-29.18 -29.18 0.01 -0.0036  0.2206 0 0.2247

Table 5.2: Comparison of two-variate Gaussian SMC and Kalman filter.

The discussion concerning the uniform convergence of the Gaussian SMC parti-
cle filter remains valid here. Again, our suggestion for the uniform convergence
is supported by the graph of time evolution of the norm of difference between
empirical and theoretical expectations ||, — p,||. In the experiment we em-
ployed n = 100 particles and the computational horizon was set to T = 10000.
The graph is presented in Fig. 5.4.
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Figure 5.4: Time evolution of error ||f, — || for a two-dimensional Gaussian

process.
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6. Summary

The thesis assignment reads as follows: “The student will study the theory
of sequential Monte Carlo methods including their limit behavior. He will
implement related algorithms and demonstrate their work on simulated data.”
Let us comment on the assignment in the view of the thesis composition and
the presented results.

The thesis opens with the short introductory chapter. The idea and the al-
gorithm of sequential Monte Carlo methods (SMC methods) are reviewed in
details in the second chapter. The application of SMC methods in the context
of particle filters is also presented here. We review the convergence analysis
of a SMC particle filter as it is presented in [Doucet et al. 2001]. The main
result of the chapter shows that integral characteristics of empirical distribu-
tions generated by a SMC particle filter converge in expectation to integral
characteristics of theoretical filtering distributions if the number of particles
(samples) goes to infinity. The proofs of the related theorems are provided in
full details.

In the third chapter, we review the basics of the theory of nonparametric kernel
density estimation. We present results of the classical approach based on the
asymptotic MISE analysis and also results based on the Fourier analysis. The
review of the Fourier analysis approach is based on the book by [Tsybakov
2009]. We have extended his univariate results to the multivariate case. The
Fourier analysis proves to be advantageous because kernel density estimates
are related to the operation of convolution which is comfortably handled in the
frequency domain. In order to the estimates on MISE (the mean integrated
squared error) be bounded, certain assumptions on the character of estimated
densities and employed kernel have to be made. This leads to the notions of
the Sobolev class of densities and the order of kernel.

Our original results are presented in Chapter 4. It deals with the kernel density
estimates of marginal empirical distributions generated by a SMC particle
filter. The main result we have proved shows that kernel density estimates
converge to theoretical filtering densities as the number of particles increases
to infinity. The result is proved without assumption on the i.i.d. character of
generated data. This is crucial in the context of SMC particle filters because
generated samples are not i.i.d. due to resampling. We consider this result as
to be the most important one achieved in the thesis.
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The second result shows that the Sobolev character of a SMC particle filter is
retained over time. This is an important assumption in the theorem on the
convergence of kernel density estimates. The result is obtained by the Fourier
analysis of the prediction and update formulas which recursively describe the
evolution of theoretical filtering distributions.

The last group of presented results deals with computations of the integral
which determines the values of number-of-particles constants occurring in the
upper bound on the error of kernel density estimates. We were able to specify
the exact lower bound on this integral (it occurs in denominators), however,
for higher times and dimensions this bound decreases very quickly to zero. We
further present approximate bounds based on empirical integrals which are
computed during the operation of a SMC filter.

The computational algorithm of a SMC particle filter was programmed and
tested in the MATLAB computational environment. Both univariate and mul-
tivariate cases were dealt with. We studied whether the results of the oper-
ation of the filter coincide with the analytical results which can be obtained
for Gaussian processes. The analytical solution for this case is known as the
Kalman filter. We found a good agreement of experimental and analytical
results.

The results of performed experiments are presented in Chapter 5. In the chap-
ter we also investigate the properties of the Gaussian transition kernel and
normal observation density. The obtained results can be directly applied for
the practical specification of kernel density estimates’ error under the assump-
tion of the uniform convergence of the filter and the knowledge of the constant
driving the convergence. The specification of the explicit value of this constant
constitutes a practically and theoretically interesting question. In fact, the is-
sue of the uniform convergence of particle filters is nowadays a vivid research
area.

In conclusion we can say that the thesis provides an interested reader with
a basic introduction to the application of nonparametric kernel methods in
the area of SMC particle filters. The introduction has a sufficient level of
rigor for the presented combination of these two methodologies can be further
mathematically investigated and developed.
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A. MATLAB source codes

A.1 uvsmc.m

function [SMCm,SMCvar,KFm,KFvar]=uvsmc(HMM,T,n);

%———-HMM---
a=HMM (1) ;b=HMM(2) ; c=HMM(3) ;
h=HMM(4) ; g=HMM(5) ;
mO=HMM (6) ; sO=HMM(7) ;
X0=mO0+sO*randn(1,1);
X=zeros(1,T);Y=X;
X(1)=a*X0+b+c*randn(1,1);
Y(1)=h*X(1)+g*randn(1,1);
for t=2:T,
X(t)=a*X(t-1)+b+c*randn(1,1);
Y (t)=h*X(t)+g*randn(1,1);
end;

%---Kalman filter---
m=zeros(1,T) ;s2=zeros(1,T);
v2=c"2xh"2+g"2;
m(1)=g~2/v2*b+c~2/v2¥h*Y (1) ;

m(1)=m(1)+g~2/v2xa*(s0"2*axh* (Y (1) -bxh)+v2*m0) / (h"2*s0"2*a"2+v2) ;

s2(1)=g~4/v2*a~2xs072/ (h"2%s0"2*a"~2+v2) +g~2*c~2/v2;
for t=2:T,
m(t)=g~2/v2*b+c~2/v2*xh*Y(t);

mupd=g~2/v2*a*x (s2(t-1)*a*xh*x(Y(t)-b*h)+v2*m(t-1))/(h~2*s2(t-1)*a"~2+v2);

m(t)=m(t)+mupd;

s2(t)=g~4/v2*a”~2xs2(t-1)/(h"2*s2(t-1)*a"2+v2)+g~2*c"2/v2;

end;
KFm=m(T) ;
KFvar=s2(T);

%——-SMC filter & approximate bounds---
d=1;

Dd =(1/(d+1))*((d )/(d+1))~(d );
Dd1=(1/(d+2))*((d+1)/(d+2)) "~ (d+1);
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Vd=pi~(d/2)/gamma(d/2+1) ;
Kimax=1/(c*sqrt (2*pi));

Kla=1/(c"2*sqrt(2*pi))*exp(-0.5);

K2max=1/(c*sqrt (2*pi));

K2a=abs(a)/(c"2*sqrt (2*xpi))*exp(-0.

gmax=1/ (gxsqrt (2xpi));

ga=1/(g~2*sqrt (2*pi))*exp(-0.5);

ha=abs(h) ;
gpa=gmax*Kla+Klmax*gax*ha;
M=(gmax~ (d+1)*Dd*Vd) /gpa"d;

PO=mO+sO*randn(n,1);
err=zeros(1,T);
ippg=zeros(1,T);
appg=zeros(1,T);

aa=zeros(1,T); ppa=aa; ntO=aa;

for t=1:T,
disp(t);
aa(t)=Y(t) /h;
if (t==1)

ppa(t)=1/n*sum(normpdf (aa(t) ,a*P0+b,c));
nt0(t)=ceil (((5*gmax*K2max)/(M*ppa(t)~(d+2)*Dd1))"2);

P=[1;

else

ppa(t)=1/n*sum(normpdf (aa(t) ,a*P(:,t-1)+b,c));
nt0(t)=ceil ((cc(t-1)*(5xgmax*K2max) /(M*xppa (1)~ (d+2)*Dd1))"2);

pp=a*P(:,t-1)+b+c*randn(n,
end;

Ppp=[P pp];

w=normpdf (Y(t)-h*pp,0,g);
ippg(t)=1/n*sum(w) ;

appg (t)=M*ppa(t) "~ (d+1)*(d+2)*Dd1;

1);

5);

if (t==1) cc(t)=(1+(4*gmax)/ippg(t));

else cc(t)=cc(t-1)*(1+(4*gmax)/ippg(t)); end;

wn=w/sum(w) ;
mn=randsample(n,n,true,wn);
P=Ppp(mn, :); PO=PO(mn,:);

err(t)=abs(mean(pp(mn, :))-m(t));

end;
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pT=P(:,T);
SMCm=mean (pT) ;
SMCvar=var (pT) ;

close(gct);

J——-approximate integrals---
plot(1:T,ippg,1:T,appg,’--r’);
pause;

%---mean error--

[abs (SMCm-KFm) sum(err)/T]
plot(1:T,err,’k’);

pause;

%——-kernel density estimate---

alpha=1;beta=1;

hn=alpha*n~(-1/(2*beta+d)) ;

xx=[mean (pT)-5*std(pT) :0.1:mean(pT)+6*std(pT)];

fx=zeros(1,length(xx));

for i=1:n,
fx=fx+1/(n*hn~d) *1/sqrt (2*pi) *exp (- (xx-pT(i)) .~ 2/(2*¥hn"2)) ;
end;

plot(xx,fx,’b’,xx,normpdf (xx,m(T) ,sqrt(s2(T))),’--r’);
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A.2 mvsmc.m

function [SMCm,SMCcov,KFm,KFcov]=mvsmc(F,Q,H,R,T,n);

%———HMM---
d=size(Q,1);
m0=zeros(d, 1) ;SO=eye(d);
XO0=mvnrnd (m0’,S0) ’;
X=zeros(d,T) ;Y=X;
X(:,1)=F*XO0+mvnrnd(zeros(1,d),Q)’;
Y(:,1)=H*X(:,1)+mvnrnd(zeros(1,d) ,R)’;
for t=2:T,
W=mvnrnd(zeros(1,d),Q)’;
V=mvnrnd(zeros(1,d),R)’;
X, t)=F*X(:,t-1)+W;
Y(:,t)=H*X(:,t)+V;
end;

%---Kalman filter——-
M=zeros(d,T);
m=mO0 ; S=S0;

for t=1:T,

ml1=F*m;

S1=F*S*xF’+(Q;
K=S1*H’*inv (H*S1*H’+R) ;
m=m1+K* (Y (:,t)-H*ml) ;
S=(eye(d) -K*H) *S1;
M(:,t)=m;

end;

KFm=M(:,T);

KFcov=S;

%---SMC filter—--

P=mvnrnd (m0’,S0,n)’;

err=zeros(1,T);

for t=1:T,

disp(t);

pp=zeros(d,n) ;w=zeros(1l,n);
for j=1:n;
pp(:,j)=F*P(:,j)+mvnrnd(zeros(1,d),Q)’;
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w(j)=mvnpdf ((Y(:,t)-H*pp(:,j))’,zeros(1l,d),R);
end;

wn=w/sum(w) ;

mn=randsample(n,n,true,wn);

P=pp(:,mn);

err(t)=norm(mean(P’)’-M(:,t));

end;

PT=P;

SMCm=mean (PT’) ’;

SMCcov=cov(PT’) ;

close(gct);

%-—--mean error—--

[norm (SMCm-KFm) sum(err)/T]
plot(1:T,err,’k’);

pause;

J——-kernel density estimate for general dimension at the origin---

alpha=1;beta=1;

hn=alpha*n~(-1/(2*beta+d)) ;

x0=zeros(d,1);

£x0=0;

for j=1:n

fx0=£fx0+1/ (n*hn"d) *mvnpdf ((x0’-PT(:,j)’) /hn,zeros(1,d) ,eye(d));
end;

%——-kernel density estimate for d=2 with the graphical output---
if d==2,
alpha=1;beta=1;
hn=alpha*n~ (-1/(2*betatd));
x1=[KFm(1)-5*sqrt (KFcov(1,1)):0.2:KFm(1)+5*sqrt (KFcov(1,1))];
x2=[KFm(2) -5*sqrt (KFcov(2,2)) :0.2:KFm(2) +5*sqrt (KFcov(2,2))];
[X1,X2]=meshgrid(x1,x2);
Xr=[X1(:) X2(:)];
nXr=size(Xr,1);
fxr=zeros(nXr,1);
for j=1:m,
mvn=mvnpdf ((Xr-ones (nXr,1)*PT(:,j)’)/hn,zeros(1,d) ,eye(d));
fxr=fxr+1/(n*xhn~d) *mvn;
end;
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colormap([0 O 0]);

mesh (X1,X2,reshape (fxr,length(x2),length(x1)));

pause;
pr=mvnpdf (Xr,KFm’ ,KFcov) ;

mesh (X1,X2,reshape (pr,length(x2),length(x1)));

end;
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