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ABSTRACT

A unified framework for sequential parameter learning in state space models is proposed. This frame-
work is capable of accommodating several other algorithms found in the literature as special cases, and
this generality is achieved mainly by providing an alternative formalism to the role of regularization in
this setting. In order to illustrate its flexibility, three algorithms are developed within this framework,
including an improved and fully-adapted version of the celebrated Liu and West filter. These regulariza-
tion techniques are associated with efficient resampling schemes, and their use is illustrated in challenging
nonlinear settings with both synthetic and real-world data.
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1 Introduction

In this paper we deal with Bayesian inference for a discrete-time State-Space Model (SSM) defined
by a Markovian transition

Xi|(Xost—1 = mou—1,0) = X[ (Xyo1 = 24-1,0) ~ f(xe]ze-1,0) (1)
with initial distribution Xy ~ v(20|f) and a conditional independence property

Yt\(XO:t = Toy, Y1:4-1 = yl:t—lae) =4 Y;:|(Xt = xt,e) ~ g(yt|=’ft,9) (2)
holding for all ¢ = 1,2,.... Here 2z;.; denotes the sequence (z1,...,%;) for positive integer j, “=9”
denotes equality in distribution and § € © C R% is a vector of parameters indexing the model. For
each ¢, (X,Y;) € X x ), where X C R% and Y C R%, with dp := dim(0), d, := dim(X;) and
dy := dim(Y;). We refer to the components of the Markov chain (X¢):>o as the states of the model and
to the conditionally independent (given each X;) sequence (Y;);>1 as the observations.

Since typically in state space models only a sequence Y7.; of observations is available for inference, the
states are usually thought of as being “hidden”, leading to SSMs sometimes being called Hidden Markov
Models. The states are frequently conceptualized as dynamic parameters in the model, and 6 as the
vector of static parameters, since ¢ is assumed to be fixed (albeit usually unknown). Classic references
on the general theory of discrete-time state space models include West and Harrison (1997), Cappé et al.
(2005) and Durbin and Koopman (2012).

In this paper, we focus on the problem of performing inference for static parameters in an online
setting, i.e. in which estimates are required to be updated sequentially as new observations are made. This
is usually referred to as the sequential parameter learning problem in the literature. Within the Bayesian
inferential paradigm, this can essentially be reduced to computing the marginal posterior distribution
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p(0ly1.¢) for each t conditional on data Y7+ = y1.+ and prior information 8 ~ p(6). For simplicity, here we
will adopt the terms “distribution” and “density” interchangeably when confusion is not possible, and
implicitly assume that suitable sigma-finite dominating measures exist for all densities associated with
(Xt)i>0 and (Y3)¢>1 to be well-defined.

Sequential parameter learning techniques usually involve at some stage the computation of the pos-
terior distribution of the states Xy.; given the observations Y1.; = y1.+ and a (fixed) value of 6 = 6%,
i.e. p(xo.|y1.¢,0*). This subproblem is often solved with the use of Sequential Monte Carlo (SMC) tech-
niques, also known as Particle Filters (see Doucet and Johansen, 2009, for a full survey). Particle filters
work by sequentially propagating samples (known as particles, hence the name) of the states over time
and assigning probabilities to each of these samples, yielding an empirical distribution approximating
the desired posterior.

Given the success and popularity of SMC methods, there is a vast body of literature on sequential
parameter learning techniques that build on these methods. Amongst these we highlight Kitagawa
(1998), Andrieu et al. (1999), BgLviken et al. (2001), Liu and West (2001), Gilks and Berzuini (2001),
Chopin (2002), Fearnhead (2002), Storvik (2002), Vercauteren et al. (2005), Polson et al. (2008), Flury
and Shephard (2009), Carvalho et al. (2010), Chopin et al. (2013) and Fulop and Li (2013). Collectively,
the variety of fields in which SMC-based techniques are used to deal with sequential parameter learning
problems arising in empirical settings also illustrate the effectiveness of this approach. Examples range
from tracking (Wang et al., 2009; Ghaeminia et al., 2010; Liang and Piché, 2010; Nemeth et al., 2013) to
epidemiology (Rodeiro and Lawson, 2006; Dukic et al., 2012; Lin and Ludkovski, 2014; Liu et al., 2015),
ecology (Peters et al., 2010), econometrics (Golightly and Wilkinson, 2006; Carvalho and Lopes, 2007;
Fulop and Li, 2013), finance (Yumlii et al., 2015; Jacquier et al., 2016; Warty et al., 2018; Virbickaité
et al., 2019) and even psychometrics (Reichenberg, 2018).

Ubiquitous as they might be, however, sequential Monte Carlo methods inherently suffer from the
unavoidable drawback of weight degeneracy (Kong et al., 1994). In essence, degeneracy leads to an ever-
decreasing efficiency of the method, as over time the probabilities (weights) of newly-generated samples
become increasingly concentrated on a fewer set of distinct values. In order to mitigate degeneracy, SMC
methods typically incorporate a resampling strategy, which replicates sampled points according to their
weights and thus prevents the filter’s support from collapsing to a single point.

Although in pratice resampling is very effective at mitigating weight degeneracy, it gives rise to
another problem: sample impoverishment. As sampled points get successively resampled, their corre-
sponding paths coalesce, resulting into very poor approximations of p(z;.¢|y1.¢,0) for I < ¢t. In the SMC
context, sample impoverishment is also known as path degeneracy (Andrieu et al., 2005). It is especially
damaging in sequential parameter learning, where we usually rely on approximations of functionals of
the entire state path Xg.;.

In this paper we introduce a unified framework that includes most of the methods mentioned above for
sequential parameter learning as special cases. The level of generality achieved by this framework is made
possible only due to the introduction of an alternative formalism for performing regularization (Musso
et al., 2001) within the sequential parameter learning setting (Liu and West, 2001). As a part of this
unified framework, we also propose three algorithms, which by combining regularization, full adaptation
(Petetin and Desbouvries, 2013) and minimal entropy resampling methods (Crisan and Lyons, 2002),
actively attempt to minimize path degeneracy and consequently its detrimental effects on parameter
estimation.

The paper is organized as follows: Section 2 briefly reviews particle filters, Section 3 introduces the
unified framework for sequential parameter learning, Section 4 provides different simulation and real-
data experiments to assess the performance of the discussed techniques and Section 5 contains some
concluding remarks. The paper also has a Supplement showing how the unified framework proposed
here can accomodate many of the already existing methods for sequential parameter learning in the
literature as special cases.

2 Particle Filters

At a first stage, assume that we have complete knowledge about the static parameter #. Upon
observing Y7.; = y1.¢, we thus only need to concern ourselves with the estimation of the states Xg.;.
Usually, since only an estimate of the filtering distribution p(x¢|yi.,0) is required for each ¢, this is
commonly referred to as the pure filtering problem. However, given that this density is just a marginal of
the joint distribution p(xo.t|y1.¢, 0), here we will actually focus on the latter, since most of our motivation



and results are based on the entire sequence Xo.¢|(Y1.,0). Throughout this entire section, dependence
on @ is suppressed to simplify notation.
The pure filtering problem can be fundamentally described by the recursion

~ pWelwo:es y1:6—1)P(@e|T0:t— 1, Yort—1)D(T0:—1|Y1:6—1)P(Y1:0-1)
p(xO:t|y1:t) -
P(Yelyr:e—1)p(Y1:e—1)
f($t|$t—1)9(yt|$t)
p(yt‘ylztfl)
x p(x(]:tfl|y1:t71)f(xt|xt71)g(yt|$t)7 (3)

= p(xO:t—l |y1:t—1)

where p(xt|o.s—1,y1.6—-1) = f(x¢|zi—1) follows from the Markov property (1) and p(y:|zo.t,y1:t—1) =
g(yt|x) follows from the conditional independence property (2).

Although apparently simple, the density function (3) cannot be evaluated analytically in general
scenarios i.e. most non-linear and non-Gaussian models, and usually has to be approximated. A popular
and flexible approach to accomplish this is to rely on Particle Filters, also known as Sequential Monte
Carlo (SMC) methods. Particle filters rely on a Monte Carlo (MC) approximation to the joint distribution
p(o:t|y1.¢) of the form

N
pdzo:e|yie) = szég;é:t(dl'&t)a (4)
i=1

where each z ., (usually called a particle, trajectory or path) is drawn from a distribution ¢ approximating
p, (wi)N, satisfy wi > 0 for each i with 31 wi =1, and §,(dz) := dd,(x)/dx, with §, denoting Dirac
measure (point mass) at the point a.

The estimator (4) falls into the class of Importance Sampling (IS) methods, and the wi’s are called
importance weights. In essence, SMC methods are importance samplers that exploit the sequential nature
of state space models in order to efficiently sample particles (x{,)Y ; and compute their corresponding
importance weights (w!)X¥;. The basic assumption in SMC is that the proposal distribution g from which

we draw samples (z}.,)Y; from satisfies

q(xo:ty1:t) = q(Tost—11Y1:0—1)q0(T¢|To:—1, Y1:t)- (5)

A direct implication of (5) is that each x! can be drawn marginally from q(z¢|z8.,_;,v1.¢), thus
yielding an O(N) complexity procedure! by conditioning on z{, ; instead of the O(tN) required for
jointly sampling x! and zf, ;. The particle produced by SMC is then given by zf., = (x}.,_1,2%),
and its corresponding importance weight w; = w(zo.t,y1.¢) := P(x0.¢|y1:¢)/q(0:t|y1.¢) can be recursively
evaluated by

_ p(@otlyre)  p(@osea|yie—1) f@elwi1)g(yeles) t lf(l‘t|$t—1)9(yt|xt) (6)
(I(xo;t\yl:t) Q($0:t71|y1:t71) Q(xt|x0:t717y1:t) Q(xt“fo:tfl»yl:t)

To ensure that the weights all sum to 1 and to avoid dealing with the proportionality constant (given
here by p(y:|y1:t—1), i.e. the predictive distribution of Y; given Y1.4—1 = y1.:—1 and which is also typically
not available in closed form), we evaluate the weights with (6) for each 7 and then divide each of them
by the overall sum of weights (i.e. across all indices ¢ = 1,...,N). In an obvious abuse of notation,
we accomplish this by letting w! = w!/ Zjvzl w!, where w! = w(x,,y1.¢) is the importance weight
associated with the particle x{,. The set (zf,,w!), produced by this procedure defines a discrete
distribution that approximates the true law of Xg.;|Y7.; arbitrarily well as N — +o00; see e.g. Crisan and
Doucet (2002).

An essential feature of SMC methods is that a resampling step is often required to mitigate the
so-called weight degeneracy (Kong et al., 1994) phenomenon inherent in sequential importance sampling.
As time progresses, weight degeneracy implies (in probability) that the weights of the most important
particles will be increasingly larger, until eventually only one particle remains in the system. Resam-
pling essentially mitigates this effect by replicating particles according to their importance and therefore
increasing (in probability) diversity in the long run. Note however that degeneracy is ultimately un-
avoidable: with the exception of trivial settings, the particle system (zf.,,w?)Y | eventually degenerates

!Technically, for the procedure of drawing from q(z¢|z{., _;,¥1:¢) to be exactly O(N), a fixed-dimensional set of sufficient
statistics depending on (xéztfl,yl;t) and which can be updated recursively must also exist. Otherwise, the complexity

of the procedure will also increase over time — not from sampling each particle x} itself, but rather from computing the
conditional distribution of X¢|(X{.,_1,Y1:¢) under g prior to sampling.



to a single point for large enough ¢ (see e.g. Chopin et al., 2004). Nevertheless, in practice resampling is
usually effective enough to ensure that SMC methods perform satisfactorily well in most scenarios.

A convenient, popular and quite general theoretical framework for explicitly including resampling
into SMC algorithms is the Auziliary Particle Filter (APF) of Pitt and Shephard (1999). The authors
introduced into their filter additional auxiliary variables (A:):>o (hence the name) taking values in
{1,..., N}, and formulate resampling as drawing a set (ai)l¥; and then setting the a!’s as the indices of
the corresponding sampled particle (here, each a! is a realized value of the random variable A;). More

specifically, for each ¢ we sample ai_; with replacement from {1,..., N} with probability Ai (more on
A below), set xb, , < x,; ', and then sample 2} from ¢ conditional on both zy’ ', and y;.; for each

i=1,...,N. The ith generated particle in the APF is therefore set to xi := (g’ '}, %)

It is important to point out that in APF resampling is done prior to sampling a new particle, and
that is why here we denote the set of auxiliary variables (a_;)X, with a time index of ¢ — 1, even though
each of them are sampled at time ¢. Some authors refer to this class of method as a resample-propagate
filter, and within the APF framework this is essentially done to ensure that the procedure is general (see
below) and adapted, meaning that we can include information from the most recent observation Y; not
only when sampling the states X; but also when resampling past trajectories Xg.;—1. In the terminology
and notation of Andrieu et al. (2010), ai_; is called the “ancestor” or “parent” index at time ¢ — 1 of
particle )., since when resampling we effectively replace zf, , with zy’ .

Whenever confusion is not possible, to alleviate the notation here we will denote the sample values of
the ancestor indices A;’s without explicit reference to their particle indices, i.e. we denote a} generically
by a;. The same is done for functions of these indices and all other random variables in the particle
filter, i.e. we write z,*~" instead of z? - (here the zt’s are realizations of Z;). We also write sequences
of resampled values generically as either Z,. t“l or as 2, for the corresponding realizations.

Formally, resampling in the APF framework can be seen as an additional importance sampling step

performed when sampling the states at time ¢. More specifically, since here we sample acgft’jl from the
set (z8., 1), with probabilities A\i and, since each x}, ; is weighted by wj_; in the approximation
ﬁ(daco:t,ﬂyl ¢) given in (4), the new importance weight assigned to each ngt’ll in the resampling step is
then wt 11 / /\at 1. This is equivalent to assummg that the marginal proposal for drawing a!_; conditional

on (z8,_1,y1.+) and then z¢ conditional on (zo %, y1.t) is proportional to )\t L a(@ag s yi). I we
omit the particle indices for simplicity, the weight recursion in the APF is therefore given by

wy'y f@eay’ ) g(yelze)

)‘at ! q<xt|ngtjla Yi:t)

(7)

Starting with 2§ ~ v(zg) and w§ o< 1 for alli = 1,..., N, an APF step from time ¢ —1 to ¢ is summarized
in Algorithm 1.

Algorithm 1: Auxiliary Particle Filter

for i = 1 to N do
sample ai_; from {1,..., N} with probability \!

draw xi ~ q(xt|wgf,;11, )

a . ai .
. i w7 f@lle, ) g(ysl=))
compute and normalize w} oc —- =t 2
Att71 Q(z“xo;ttil]ayl:t)

end

It is important to point out that another equivalent way to define the APF is as a filter that
targets a different sequence of distributions, i.e. that does not target {p(xo.|y1:)}i>1 directly (Jo-
hansen and Doucet, 2008; Doucet and Johansen, 2009). If at time ¢t — 1 we have a weighted sample
(@h._q,wi_ 1)2 1, the APF targets an intermediate distribution proportional to A yq(ze|wh, 1, y1et)-
Since p(z¢, T, 1|y14) o< wi_q f(ze|zi_1)g(ye|ze), the resulting incremental weights are given by the ratio
between wi_, f(x¢|xi_1)g(ye|xe) and Ni_;q(z¢|zd.,_1,y14), yielding the same weight recursion as in (7).

Now, there are two basic design choices one must make within the APF framework: the choice of
intermediate weights A\; and of the state proposal density q(x¢|zo.t—1,y1.t). Usually, these choices are



made in order to keep the importance weights w; as constant as possible, since then the variance of wy
(conditional on both X.;—; and Y7.+) is minimal (Doucet et al., 2000). The optimal choice in this sense
is to let A\p o we—1p(yt|xi—1) and q(zt|Tot—1,Y1:¢) = p(Te|T—1, yt), since in this case the weight recursion
(7) becomes

oo @l gle) 1 f@dag(le) ®)
¢ wi T (el ) plze|zt ) ve) Pyl ) Fladey ' glyelwe) '

a1
p(yelz, 5

In the terminology of Pitt and Shephard (1999), a filter such that (8) holds is said to be fully-adapted
(FA) (the converse is a blind procedure, i.e. one that does not incorporate any information about the
most recent observation y;). Note that in the above derivation we have used that p(x¢|zi—1,y:) =
f(@e|ze-1)g(yelze) /p(ye|ze—1), directly deduced from (1-2).

The main problem associated with full adaptation is that it requires simulating from p(x|zi—1, y:)
and being able to evaluate p(y:|x:—1) pointwise, both of which might be unfeasible in practice. In this
case, Pitt and Shephard (1999) proposed approximating these densities by taking \; o< ws—19(y:|p+) and
q(zt|xo.e—1,y1:¢) = f(ag]ri—1), where py := pu(Xo.t—1) is any prediction of Xg.¢—1, such as the one-step-
ahead conditional expectation, median or mode of X;|Xo.;—1. This so-called “lookahead” strategy is in
principle readily appliable to any SSM, and if p; is close to X;_; the resulting intermediate weights will
be close to the optimal ones.

The weight recursion (7) for the lookahead strategy becomes

w, 'y fledef gz glyelae)
w3 gyl ™) @) 9(yelp ™)

9)

Wy X

From (9), we can see that the closer g(y:|ut) is to g(y¢|x¢), the closer wy is to being constant, which
means that the lookahead strategy is most successful whenever the observations are very informative.
Note here that although p; is denoted at time ¢, it is actually a function of xg.;—1, and therefore when
we resample we also assign to p; the ancestor index a;_1.

As mentioned before, the APF framework is quite general, and it includes most particle filters in
the literature as special cases. Classical examples are the Bootstrap Filter of Gordon et al. (1993),
which can be obtained by taking q(z¢|zo.t—1,v1.+) = f(z¢|zi—1) and Ay = wy_1, and the more general
Sampling Importance Resampling (SIR) algorithm (Doucet et al., 2000), obtained by taking A\ = wy_1
and choosing q(¢|zo:t—1, y1:+) freely.

Finally, although resampling complicates the dynamics of the particle system considerably, estimators
p(f) of the form (4) can still be proven to converge to p(f) almost surely for a large class of test functions
f under suitable regularity conditions (Del Moral, 2004).

3 Sequential Parameter Learning

We now turn to the general situation in which 6 is unknown and has to be inferred from the data.
As stated previously, our problem is to learn about 6 € © sequentially, i.e. to compute p(0|y1.¢) for all ¢.
In Sections 3.1 and 3.2 we introduce a unified class of algorithms for dealing with this problem, and in
Section 3.3 we illustrate the flexibility allowed by this unified framework by proposing three algorithms
for sequential parameter learning.

In the Supplement we also show how the unified framework proposed in this paper accomodates many
of the commonly found methods for sequential parameter learning in the literature as special cases.

3.1 A Unified Framework

Let 6; denote the inference for 6 at time ¢, i.e. the parameter associated with the posterior p(8|y;.¢).
Although @ is still inherently static, keeping track of the inference for it across time allows us to implicitly
define a sequence (6;);>0 with initial distribution given by the prior 6y ~ p(¢). The joint posterior for
(Xo:t,00:t) given Y1.; = y1.; admits the recursion

P(xo:t, Oo:t|Y1:t) = P(Ot|oit, Oot—1, Y1:6)P(Ye|Tosts Ooit—1, Y1:0—1)-
P(To:t—1,00:4—1Y1:4—1)D(Y1:4—1)
Pt |Y1:6—1)p(Y1:4-1)

P(ﬂﬁt |9Co:t—17 00:4—1, yl:t—l)



p(xo:t—h 00:¢—1 |y1:t—1)
p(yt|y1:t71)
X P(@0:t—1, Oo:st—1Y1:0—1) f (we|wi—1, 0r—1)9(Ye| e, Or—1)P(O¢|T e, To:—1, O0:t—1, Y1:¢)- (10)

= p(O¢|ws, 20:t—1, 00:0—1, Y1:0)9(Ye |76, O 1) f (e |21, 01 —1)

In the above derivation we implicitly assume that all marginal distributions of (X, Y});>0 depend only
on the most recent value of #. Analogous to the APF terminology, this property is sometimes referred
to as a perfect adaptation of the law of (X, Y:)i>0 to the most recent value of the sequence (6;);>0, as
in e.g. Andrieu et al. (2010).

Without resampling, if we assume that the proposal for drawing (Xo.¢, 6p.;) satifies

q(xo:t, 0o:t|y1:+) = q(z0:6—1,00:6—1|Y1:6—1)-
q(O¢|ze, w0:0—1,00:0—1, Y1:0)4(Te | X001, O0:0—1, Y1:t), (11)

we then have the weight recursion

_ p(x0:4,00:¢|y1:t)
(o, Ooit|yr:e)
P(x0:0—1,00:0—1|y1:6-1) [(welwe—1,001)g(ye|we, 01)p(Ot] s, w041, 00:0—1,Y1:4)
q(wo:t—1,00:4-1|y1:0-1)  @(O¢|we, Tot—1, 00:0—1, Y1:6)q(Te|Tot—1,5 O0:t—1, Yi:t)
J(@elws—1,0:1)g(yelwe, 0 1) p(O¢|we, 021, 00:0—1, Y1:t)
q(w¢|2o:t—1,00:6—1, Y1:t) Q(9t|xt,$0:t—1,90:t—17y1:t).

= W¢—1 (12)

With resampling, under the APF framework, we assign ancestor indices a;_; to all quantities from 0
tot — 1 (i.e. the sequences zg.;—1 and 6y.+—1, the importance weights w;_; and the intermediate weights
At). Taking into account the resampling weights A, the weight recursion (12) becomes

a1

w25 005 )g (el e, 0,57) p(Oelwe, 25!y, 067y, y1ee)

at—1 t—1 at—1 at—1 :
Ay JUt|350:t—1a90:15_1ayl:1t) q(Oc] e, 2l 15 00l 1, Y1:e)

(13)

wy

Similar to the APF, the sequential parameter learning framework proposed above can also be inter-
preted as a procedure that targets an intermediate distribution proportional to A q(@¢|z8.,_1,08..—1,y1:t)

q(O¢| s, 2. 1,08._1,y1.4) (note that the filter is now a function of both z; and ;). Given that we can
decompose p(w¢, Ty 1, 0r, e —11y1:0) o wi_y fwelai_1,0i1)g(yele, 0 _1)p(Oclae, whp 1, 00,41, y1:t), the
resulting incremental weights satisfy the same recursion (13).

Now, unlike in the APF, pointwise evaluation of the weight recursion (13) requires the ability of
not only evaluating the usual ratios wi_y /A and f(zi|xi_1,00_)g(yelat, 0:_) /p(xt|zbs 1, 08,01, Y1:t)
for each i, but also the ratio p(0|xt, z8., 1,08, 1,y1:4)/q(0c]@e, ¥l 1,081, Y1.4), at least up to a pro-
portlonahty constant. This usually requires making additional assumptions about the specific (or ap-
proximate) form of p(0;|xs, xo.t—1,00.4—1, y1.¢) and, as illustrated below in Section 3.3, this is essentially
what differentiates one sequential parameter learning algorithm from the other.

The fundamental design choices in the framework proposed here are the intermediate weights A; and
the state and static parameter proposals q(¢|zo.t—1,00.t—1,¥1.¢) and q(0¢|x¢, xo.t—1,00:4—1, y1.¢). Starting
with 0} ~ p(0), zf ~ v(zg|0)) and wi o 1 for i = 1,..., N, a sequential parameter learning step from
time t—1 to ¢ is summarized in Algorithm 2. It should be clear that the class proposed here also contains
the APF described in Algorithm 1 (i.e. without any parameter learning) by simply taking 6; to be a
fixed quantity 6* for all ¢, or equivalently by assuming that p(6) = dg«(df) and p(dbi|zt, To:t—1, y1:t) =
0o (dby) for all ¢.

The main output from Algorithm 2 is the approximation

N

p(dzo:e, d0o:e|y1:t) = Z wié(m%}m@é:t) (dzo:¢dbo:t), (14)
i=1

which is typically referred to as the histogram-based estimator of the joint posterior distribution of
(Xo:t,00.t) given Y14 = y1.¢. To obtain an approximation to the target p(6|y;.;), we can simply integrate
(14) over the support of (Xo.¢,00.t—1), yielding

N

P(dOi]y1:e) == / p(dzo:t, d0o:¢|y1:t)dxo:¢dbo:e—1 = Zwi(sa; (dby). (15)
X+ x ot P



Algorithm 2: Sequential Parameter Learning

for i =1 to N do
sample a!_; from {1,..., N} with probability \¢

4 ay_; a;_q
draw xj ~ Q($t|x0:t—1a Oo:1—15 Y1:t)
i a;_q a;_;
draw 0 ~ q(0¢|ze, 201, 0015 Y1:t)

“%—1 ai_1 i “%—
Wy _q (zf|m1 1 10 ) (ytlxt79t71 )p(9 ‘mfamot 17001 pylrt)

compute and normalize w; o
-1 t— t—1 1
At Q(mzlmo:t—l’ooct—l7yl:t) (etlxtﬂz():t—l’HU:t—Uylft)

end

Proceeding analogously, estimators of any marginal of p(xg.t,6o.¢|y1.¢) can be obtained by integrating
(14) accordingly. In particular, integrating over the entire path of the static parameters y.; results in
the state posterior (4) obtained in the pure filtering context.

Besides the usual histogram-based estimator defined in (15), an alternative estimator of p(df¢|yi.+)
can be obtained via Rao-Blackwellization (Liu and Chen, 1998; Doucet et al., 2000). First, note that we
can rewrite the target distribution as

p(at |y1:t) = / p(gt, To:t, 0o:¢—1 \ylzt)df():td(‘)o:tq
Xt x et

=/ p(0t]xo:t, 00:t—1, Y1:0)P(T0:t5 O0:0—1|Y1:) dT0:0db0:1—1
Xt+1 XOt

= Ep(Xo;t,GD:t,ﬂYl;t) [p(0t|X0:ta 00:1&—13 Yl:t)]7 (16)

i.e. as the expectation of p(6¢|xo.¢, 0o.t—1, Y1.¢) taken with respect to p(zo.t, 0o.t—1|y1:t). Now, we can obtain
a direct Monte Carlo approximation to (16) by simply replacing p(zo.t, 0o.t—1|y1.¢) with p(dxo.¢, dBo.t—1|y1:4)
in the corresponding integral. This gives

D(dO;|y1:e) = / p(dO¢|To:t, 00:0—1, Y1:0)P(dTo:t, dOo:e—1|y1:¢)dxo:1dbo:4—1
Xt 0t

N
:/XH_lxetp(d9t|$0:t790:t71>y1:t)Zwzd(x(i):“eé:til)(de:thO:tfl)de:tdQO:tfl

i=1
N
Z d9t|$0 tveot 1 Y1:t)- (17)

The resulting expression for p(df;|y;.c) given in (17) is then known as the Rao-Blackwellized estimator
of the posterior p(0:|y1.¢).

The Rao-Blackwellized estimator (17) is typically (Liu and Chen, 1998) more efficient than the
histogram-based estimator (15) whenever interest lies in approximating only the posterior p(0:|yi.¢),
i.e. the typical setting for sequential parameter learning. However, this comes at the cost of having
to evaluate p(0¢|xo.t,00.4—1,Yy1.t) pointwise. Moreover, if interest lies in the moments and/or general
functionals of 6;]Y1., analytical solutions to the required integrals might be much more involved and
sometimes unnatainable when compared to the simpler histogram-based estimator.

Finally, note that we could have also defined our framework to be a propagate-resample one, i.e.
in which we first sample the states/parameters and then perform the resampling step. However, this

might be undesirable since then the resampled sequences X0 ;—} and 90,’5 ~} will not benefit from current

information on Y3, i.e. the procedure will be blind in APF terminology. Works comparing propagate-
resample and resample-propagate frameworks from a theoretical standpoint include e.g. Petetin and
Desbouvries (2013), and from an empirical standpoint include e.g. Lopes and Tsay (2011). Also, although
in Algorithm 2 we first sample the states X; and only then the parameters 6;, the procedure is general
enough to accomodate methods that have the reverse sampling order, such as Liu and West (2001)’s and
Storvik (2002)’s filters; see the Supplement for more details.

3.2 Regularization

Due to the unavoidable degeneracy inherent in sequential importance sampling methods, the re-
sampling step is an integral part of SMC. Despite its benefits, however, resampling has an important



drawback: sample impoverishment, also known as path degeneracy (Andrieu et al., 2005).
Path degeneracy manifests itself as the coalescence of particles’ paths ocurring from successive resam-
pling steps. As an example, consider a functional Z;.; 1 defined for integer 0 <1 <t—1of (Xp.4—1,01.4-1)

computed recursively along the filter’s trajectory. At time t, (Zz 2 )N, is the set resampled from the re-

alizations (2}, )N, and, due to some 2}, ,’s naturally having lower weights than others, the resampled

set (zlarll)N 1 will have fewer dlstlnct values than (zl )N . At time ¢ + 1, we resample (2! 75) from

(2N 1 and, since each 2z, = (zl 474, 21), the zl ~'’s are going to be resampled again, given that (z; t)fv 1

= (zla; 1 zt )i\;p and take even fewer distinct values than before. Over time, this is compounded and
the paths 2], degenerate (hence the name) to a single point.

By the same argument above, path degeneracy is also progressively worse as [ is closer to 0. Whenever
I =t — 1, however, (i.e. when only Z;_; is of interest), sample impoverishment is minimal since the
transition from Z; ; to Z; essentially “replenishes” the number of distinct values the functional Z; 4
can take from one step to another. This is why path degeneracy can be mostly ignored whenever interest
lies only in state filtering, since the state transition from X;_; to X; will usually allow for a proper
exploration of the state space even when the number of distinct values X;_; is small.

Whenever the state transition does not allow for a proper exploration of the state space, however,
path degeneracy can become problematic even if [ = ¢t —1. This is especially true for sequential parameter
learning, since the static parameters for which we are trying to perform inference for usually have no
“natural” dynamic. Here, even if we are only interested in the most recent value 6;, if the parameters
are static we implicitly have 6, = 0;_; for all ¢ and eventually 8; = 6y, meaning that at each time ¢ we
only resample from an ever-decreasing set of distinct values drawn from the prior p(6).

In an attempt to mitigate path degeneracy, several authors have proposed variants of a technique that
can be generally defined as regularization (Musso et al., 2001). In essence, regularization is a modification
of the resampling step to allow for resampled particles to assume values other than the ones specified by
the set of current particles. In the above example, this means that with regularization the set of unique

values in (zl =), is different of (and usually contains) the set of unique values in (z},,_,)¥,, increasing

diversity. This also allows for additional exploration of the state space, which is especially important for
static parameters, since their support will no longer be limited to a subset of values initially drawn from
the prior.

As mentioned before, under the auxiliary variable interpretation presented so far in Section 2, resam-
pling in an APF framework can be understood as samphng ancestor indices (ai_;)¥; from {1,..., N}

with probabilities (A\})¥; and then setting 2/, , + Zl:t—l' This is equivalent to drawmg a set (iz;t—1)ZN:1
with replacement from the empirical distribution

Pz ly1:) = ZAZ i (dza), (18)

—1

(recall that the probability of each a! ; is proportional to Ai and, although
each 27, | is weighted by wi_; — implying that the importance weights associated with resampling are
going to be proportional to wi_; /A for each i — the resampling weights themselves are given by \?).

A regularized version of the emplrlcal resampling distribution (18) is defined as the convolution of
P(dzi.e—1|y1:4) with a regularization kernel (Silverman, 1986) K (), i.e.

where each %}, | = zl b

P(d214-1]y1:e) == /K(dzl:t—l —dzy_1)p(dzfy 1 |yre)dzly g
/Kdzlt L —dzh, Z)\é (dzf_y)dzg

= Z MK (dzi—1 — 2] 1)- (19)

i=1
Traditionally, K(-) is assumed to be the probability density of a continuous random variable with zero
mean and finite second moment taking values in R¢=1=0%4: " where d, := dim(Z;). If we denote the ith
draw of p(dz;.4—1]y1.t) by 2li:t_1, it is then clear that the set of possible values assumed by each Zli:t_l is
no longer limited to the finite set (2}, ;) , but rather the uncountable image set of K (-). Therefore, by



regularizing resampled draws, we end up with a set of values (éf:t_l)évzl which is more diverse than the

original set of resampled values (zl(f;:ll)f\;l, alleviating the effects of path degeneracy. Note that dz;};,_;
in the above derivation is only an integration variable; the density p in the first and second integral is
still (18).

As mentioned before, regularization is especially effective in sequential parameter learning due to the
fact that it allows for exploration of the parameter space by otherwise static parameters. The first widely
succesful example of this is the method proposed by Liu and West (2001), which relies on a Gaussian
kernel with location and scale determined by past parameter values and an additional user-defined scale
specified via discount factors (see also the Supplement and Section 3.3.1). In order to obtain a more
general framework, however, here we will assume that K(-) is any probability distribution density.

We incorporate regularization within the framework we developed in Section 3.1 as an extra impor-
tance sampling step performed after resampling and prior to sampling states and parameters. More
specifically, after resampling ({1,605, )N, to (zgi '), 055 )N, for each i = 1,...,N we draw

K2
ap_q

the regularized particles (&b, ;,0%., ;) from K ((dzo:—1,dfo:i—1) — (xo:t_l,ﬁgf[_ll)) and, conditional
on (&, 1,0, 1), draw the current states z! from q(z|Zb., 1,05, |,y14) and parameters ! from
(O], e -1, 05:4-1)-

Now, assuming that we can draw exactly from K(-), the importance weights from the regulariza-
tion procedure are then proportional to the ratio between K ((dwo.—1,d0o.—1) — (%;t—péé;t—l)) and
K ((dzo:4—1,d00:i—1) — (#h,4_1,0%4_1)), i.e. proportional to 1. This is a case of perfect sampling, and
aside from a specific application shown in the Supplement, in practice this assumption usually holds
(although we can generalize the procedure slightly by assuming that the “true” or target regularization
kernel is given by K(-) and we can only sample from K,(-), resulting in importance weights that must
then be multiplied by the ratio K(-)/K4(-)).

Finally, the weight recursion of our sequential parameter learning filter with regularization is

o o w7 K ((dwos—1, d00.—1) — (#1004 1))
t 7 — = :
A=t K ((dwo—1, dfos—1) — (Fh—1, 0h—1))
Fl@el @1, 001)g(yele, 0:—1) p(Oc|2e, Fou—1, 00:6—1, Y1:t)

Q@) o1, 00:0-1,91:6)  q(Oclze, Four—1,00:6—1, Y1:t)

_ w:ff Flael@i—1,00-1)9(ye|ze, 0c—1) p(Oel e, To:t—1,00:4—1, Y:t) (20)

)\fifl q(xe|Zo—1, 00— 1,y1:0) a0, Fore—1, 0061, Y1)

Algorithm 3 summarizes a step from ¢ —1 to ¢ for the procedure proposed here. This procedure effectively
generalizes the sequential parameter learning filter without regularization described in Section 3.1 by

taking K((dx():tfla dOO:tfl) - («/L'?)f{,lly egttill)) =9 al_, al_y (d-rO:tflng:tfl)u since then AlgOl“lthm 3 is
’ ’ (@o:r 10041
equivalent to Algorithm 2 with #, ; replaced by g, and 8}, replaced by 6. ",.

Algorithm 3: Sequential Parameter Learning with Regularization

for i =1 to N do
sample a!_; from {1,..., N} with probability A

. ~. [3 i
draw (0.1, 00.4—1) Nf(((xozt—la Bo:t—1) — (xg;ttf—lla 9(()1;1[—11))
draw x; ~ (24|54 1, 0(Z):t~—1ay1:t)
draw 0; ~ q(0¢|ze, 74,41, gézt—lvyllt)

az . . ~ Lo~ - . . ~
t—1 ~i : i G 4 :
w7 F@ 1,00 _1)9(Welwy, 00 1) P04l 801,00, —1:V1:1)

al

compute and normalize w! Lt L Al Rl 0
P L L NN [ TIO) R (] P e UNN STRY
t

end

Note that we can once again interpret the sequential parameter learning filter with regularization
as a filter targeting, at time ¢, an intermediate distribution proportional to )\%K((dx();t,l,deo;t,l) —
(Z:0-1 a(l):t—l))q(xd‘%%):t—la 96::&—~1a Y1:6)q (O]t ﬁ):t:la 00:4—1 ylzf)- Since p(t, jf):t—l: Oty 00.4—11y1:¢) X wi_q
K((dx():t_l, dbo:t—1) — (%:t—u96:t—1))f($t|53§—1a 0t—1)9(yelwe, 05 _1)p(O|2e, Toy 1, 0041, Y1:¢), the result-
ing incremental weights yield the same weight recursion in (20).



Now, it is important to point out that the ideas of introducing artificial dynamics for parameters,
including 6 within the state component or even performing Gibbs sampling conditional on sufficient
statistics along the filter’s trajectory are not novel. The same can be said for employing regularization
in order to mitigate path degeneracy; the linkage between these ideas were established as early as Liu
and West (2001). However, to our knowledge no effort so far has been made use both these ideas
simultaneously, making for 2 distinct sources of dynamics for the parameters 8, and as a result allowing
for greater generality and also for the combination of advantages from different algorithms.

As an example, take the filters of Liu and West (2001) (LW filter) and Carvalho et al. (2010) (called
Particle Learning, or PL). Both methods are set within an APF framework, but in the former we first
sample 0; and then X;, and in the latter we first sample X; and then 6,. Further, the LW filter relies
on regularization-type dynamics for §; and on a general lookahead strategy, and even in cases in which
we know p(y¢|zi—1,60:—1) analytically, full adaptation is not possible due to the sampling order adopted.
On the other hand, PL always assumes a fully adapted APF framework, and relies on Gibbs-type moves
conditional on sufficient statistics for 6;.

Although the difference between both the LW filter and PL might seem irreconcilable, both of them
can be seen as special cases of the sequential parameter learning filter with regularization developed here
(see the Supplement for details). Furthermore, within our framework we can also develop a fully adapted
version of the LW filter (see Section 3.3.1) and a regularized version of PL (see Section 3.3.2), allowing
for both methods to take advantage of the strongest points of the other.

Finally, an important aspect of mitigating path degeneracy is executing the resampling step as effi-
ciently as possible. Specifically, here we advocate the use of the tree-based branching algorithm of Crisan
and Lyons (2002), proven to have minimal variance amongst all unbiased (i.e. such that the expected
number of offspring & of particle 2}, ; equals N - \!) resampling methods. We also advocate the use
of fully-adapted procedures whenever possible, since in most cases full adaptation can drastically reduce
the variance of the resampling weights.

3.3 Three particular cases

We now illustrate the flexibility allowed by the unified framework proposed here by introducing three
algorithms for sequential parameter learning.

3.3.1 Fully-adapted Liu and West’s Filter

The first method proposed will be hereafter referred to as Fully-adapted Liu and West’s (FALW) filter.

As its name implies, this method consists of choosing a similar regularization kernel to that of the Liu

and West (2001) (LW) filter (see also the Supplement), but adopts a fully-adapted framework instead of

the original lookahead APF one. By relying on optimality results from kernel density estimation theory

(Silverman, 1986; see also Musso et al., 2001 for a specific application of these results in the context

of particle filters), we also select kernel bandwidths automatically and independently of the adoption of
discount factors as in the original method.

More specifically, let
K((dzO:t—la daO:t—l) - (xg:tt_—llv ggft_—ll)) =
= dN ((dwi—1,d0;—1)|my 3 h2Vi) - 6 iy el
Zo:t—2:%0:¢—

(dwo:t—2dbo:t—2), (21)

1
2

where dN (dz|u,Y) denotes the probability density at dz of a Gaussian random variable with mean pu
and variance Y, and

P i .
my_q:=azi_1+ (1 —a)zi_1,
N
- i i
Rt—1 = E Wy_12¢—1,
=1

N
Viei = Zwi—l[zz—l —Z )z — 2", (22)
i=1

with 2,1 = (2,.1,0,1), h = {4/[N - (2 + d.)]}/ 4=+ o := V1 —h2, d, := dim(z_;) and AT
denoting the transpose of matrix A. Note that in this method a is always well defined for N > 2, since
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then 0 < h < 1. The rule for definining the bandwidth & is usually referred to as Silverman (1986)’s
“rule-of-thumb”.

In order to achieve full adaptation, in FALW we choose the optimal intermediate weights Ao
wi_1p(ye|xi_1,0;_,) and optimal state proposal q(x¢|Z§.,_1,08.4—1,Y1:t) = p(xe|Ti_1,0:_1,9:). By also
assuming that B

p(det |CE;, ‘%%Jztfh 96:15717 yl:t) = 6@271 (dat)7 (23)

and that q(0zi, 25, 1,00, 1, y14) = p(Oc]xi, &b, 1,00, 1,y1.4), the corresponding importance weights
(20) are then

; wy' ! F@i @iy, 0i_))g(yelxi, 6i_y) %a;_,(

Wy X =5 S T ~
wi S p(lE g 6y)  P@IF_L Oy O (d0)

d6,)

=1. (24)

Note that unlike in the LW filter, in FALW we also regularize past states z¢_; along with past parameters
0i_,, striving for reducing path degeneracy in state and parameter trajectories (zf,_;,0:_ ;)Y even
further.

Although at first sight the modifications to the original method by Liu and West (2001) that define
FALW here might not warrant the definition of an entire new algorithm, we highlight from the discussion
at the end of Section 3.1 that full adaptation in this case is only possible due to the formalization of LW
moves as draws from a regularization kernel, which essentially allows us to reverse the original sampling
order from 6; first and then x; to x; first and then ;. This is a situation which we have not encountered
outside of our work.

3.3.2 Regularized Particle Learning

The second method introduced in this paper is a regularized version of the Particle Learning (PL)
algorithm of Carvalho et al. (2010; see also the Supplement), hereafter referred to as Regularized Particle
Learning (RPL). The theoretical reasoning for RPL is that, in addition to sampling current parameters
conditional on sufficient statistics, regularizing past states, past parameters and even past sufficient
statistics would mitigate path degeneracy in their past trajectories even further (see e.g. Chopin et al.,
2010, for a specific discussion on path degeneracy in sufficient statistics and its effect on inference over
time).

The regularization kernel adopted in RPL is analogous to that of the FALW method, but here we
also explicitly include past trajectories of sufficient statistics Sp.;—1 for resampling and regularization,
ie.

K ((dzoi—1,dSo:—1, dbo:i—1) — (%t 1,532 iR 3‘{)1)) =
:dN((dxtfl,dstfl,det,mmﬁia%h2VH)-5 wi_, ai

-1
(O 250

ai 1)(d$0:t72d80:t72d00:t72)7 (25)

-1
290 2

where mi_;, a, h and V,_; are defined as in (22) but for z;_1 := (24-1,8S1-1,0¢—1)-

In RPL we adopt a general APF framework, by choosing intermediate weights Ai and state proposal
q(x¢|Zh.s 1,054 1,y1:¢) to be defined by the user. Since this method is based on Particle Learning, the
target parameter distribution is assumed to satisfy

p(etlmi’j?):tfl’é(i):t—l,yltt) :p(etlsti% (26)

where the sufficient statistics are propagated according to S} = S ( 15,2, yr), as usual (note that

it is also possible to include the update of S} explicitly within the filter’s recursions, as done in e.g.

Carvalho et al., 2010). Finally, by additionally assuming that the parameter proposal distribution
satisfies q(9t|xi, Tho_1,08.4_1,y1:t) = (O¢|x}, Th.p_1, 05,41, Y1:t), the weight recursion (20) for RPL is
o R o ol o o

wi wt 1 f(x @ g, 03 1) g(yelwy, 07 1) p(0;]S;) _ wttll (zZ_1,0t_1)g(ye|z}, 0;_4)

t oy = ol al Py = .
)\?“1 q(@ Ty 1, 00— 15 Y1:t) AGARS) )\?“1 q(@ Ty 1, 00:0—15 Y1:t)

(27)

Note that the regularization of past static parameters #:_; in RPL only affects the importance
weights w! and current sampled states z¢, since the current parameters ! are sampled independently
from p(0|Sf). This method also allows for full adaptation by choosing optimal importance weights
Ab o< wy_1p(ye|Ty_q,0¢_1) and optimal state proposal q(z¢|Z0.,_1, 00,41, y1:t) = P(Te|Ty_1,0t_1, Y1)
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3.3.3 Hybrid FALW-RPL Filter

The last method introduced here is a hybrid between the FALW and RPL algorithms of the two
previous sections, and that we thus name as Hybrid FALW-RPL algorithm. Inspired by the Hybrid LW-
PL algorithm of Chen et al. (2010; see also the Supplement), which is a hybrid between the original Liu
and West and Particle Learning methods, this technique has the benefit of allowing for Gibbs updates
whenever sufficient statistics are available for a subset ¢! of the static parameter vector 6!, while also
allowing regularization-based inference for the rest of the parameters. Similar to RPL, past states,
parameters and even sufficient statistics are regularized in this method, and, similar to FALW, a fully-
adapted APF framework is adopted. All of these choices contribute to an effort of mitigating path
degeneracy as much as possible.

Let 8 = (¢, ), where ¢ is the subset for which we perform LW-type regularization moves and ¢ is
the subset for which p(¢|S;) is available. The regularization kernel adopted here is the same as in RPL,
ie.

K ((dzo:—1, dSo:—1, dBo.i—1) — (2051, Soly, 0057)) =

i
ag

= dN((dxt—ladSt—l,dgt—1)|mt:11,h2Vt—1) -6 (deo:t—zdSo:t—zd@o:t—z), (28)

Toi 2 S0l b 00
since we regularize both ¢! ; and ¢! _,, i.e. the complete set §:_;. Similar to RPL, the definitions of
mi_q, a, h and V;_; are analogous to those in (22) but for z;—; = (2¢—1,St—1,6¢—1), and sufficient

i
Ay 1

statistics are propagated according to S} = S(S, 7", 2%, y1),

Now, in order to obtain a fully-adapted procedure here we must choose the optimal intermediate
weights \¢ oc wi_;p(ye|2i_1,0:_;) and optimal state proposal q(z¢|%d., 1, 0841, Y1:¢) = p(@e|Ti_1, 011, y1)-
Since in this method we perform LW-type moves for ¢ and PL moves for ¢, the target parameter distri-
bution is the same as in Chen et al. (2010), i.e.

p(d9t|xi, i‘é:t—lvéé:t—lvylzt) = 5$§7l(d¢t)P(d<Pt|Sti)- (29)
Finally, by taking q(0;|2%, Z., 1,00, 1 y1:) = p(Oelxi, &, 1,08, 1,v1:t), we have the following impor-
tance weights (20):

i o et P 61 Bl 6y 8y 96, [400PLelST)
t

)\21271 Q(mgl‘%(i);tfl, q;%):tfh @ifl’ ylit) (;‘Z’i_l (d¢t)p(§0t|8g)
al_ S ~. . Lo~ »
_ , w5 (@i Ti_1, b1, Pi—1)9(Yel Ty, Pt—15 Pi—1)
Wi Pyl E B, Biy) P(@|Te1s Gi1 i b)
~ 1. (30)

4 Experiments

In this section we illustrate the performance of the three methods proposed in this paper within the
unified framework by means of numerical experiments with both simulation-based and real-world data.

Given that efficient resampling techniques often prove imperative to mitigate path degeneracy (see
e.g. Andrieu et al., 1999, 2005, 2010; Chopin et al., 2010; Kantas et al., 2015), we adopted the minimal-
entropy branching resampling scheme of Crisan and Lyons (2002) for all the experiments performed
here.

4.1 Ecological Model

For the first experiment, we illustrate the difference in performance in sequential parameter estimation
that might result from full adaptation. This is done by comparing the LW filter (Liu and West, 2001;
see also the Supplement) with its fully-adapted counterpart introduced here in Section 3.3.1, the Fully
Adapted Liu and West (FALW) filter. Our target for inference is the 6-logistic model (Peters et al.,
2010), also known as the 6-Ricker model (Polansky et al., 2009). Here we adopt the parameterization of
Polansky et al. (2009) in favor of the one in Peters et al. (2010) in order to ensure that the state process
(Xt)i>0 has a stable equilibrium/stationary distribution.
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Let

Xy =X 1+ r{l - {e’(p(KM]T} + oy, Uy ~ N(0,1), (31)
Y, =X, +ovVi, Vi ~ N(0,1), (32)
with priors
Xo ~ N(0,4), r =47~ G(2,10), K ~ G(1,0.1), of =10t ~ IG(2,1),

where N (i1, 02) denotes a Normal distribution with mean p and variance o2, G(a,b) denotes a Gamma
distribution with shape a and rate b (i.e. with expectation a/b), and IG(c, d) denotes an Inverse-Gamma
distribution with shape ¢ and scale d. Here we also assume that Xo, (U;)¢>1 and (V;);>1 are mutually
and serially independent. The prior distributions chosen here for each component of 6 are similar to
those used by Chopin et al. (2013, supplement).

The state space for this model is X = R := (—o00,+00) and the static parameter is (note the
inclusion of the initial state, Xo, as a fixed parameter) given by 0 = (Xo,, K, T,0%, 0% ), taking values
in® =R x Ri where R, := (0, +00). Here, if we let

F(x, 1,0, ) =z, + Tz—1{1 - {
we then have

f(a:ﬂxi—lvez—l) = dN(ﬁ:

Flei 000, @03)i),  glwlad 60) = aN (wad, (03)i,).

For this simulation study, we generated a series of n = 1,000 observations of the model given by
(31-32) with Xo = log(1.27), » = 0.15, K = 6.2, 7 = 0.1, 03 = 0.47% and 0% = 0.39? (these parameter
values are the same ones used in an experiment performed by Peters et al., 2010). We then performed
M = 50 independent runs of the LW and FALW filters with a support of N = 50,000 particles. We
chose § = 0.99 for the LW filter, and adopted the rule-of-thumb bandwidth of Silverman (1986) with a
Gaussian kernel for the FALW method. In this model, full adaptation is possible by choosing

N o< wi_p(yelei, 0f-1) = wiydN (30| F(wio0,011), (08)ioy + (03 )iy )

and

p(‘/lji'xi—la 9%—1) yt) - dN (l‘;

(08)i—1 - ye + '(012/)%71 ‘ F(xiflﬁegfl) (UIQJ)_Ll : (U\Q/)ifl
(0121)2—1 + (O-QV)i—l ’ (‘7(21)%—1 + (sz/)?s—l

and these are the design choices for FALW. For the LW method, a lookahead APF strategy is adopted,
with intermediate weights \i oc wi_;g(y:|ui_1,mé_;) and blind state proposal q(zi|Zd., 1,08, 1,y1:t) =
fae|@i_y,00_ ), with i, = F(zi_;,mi_,) and m!_, as defined in (22).

Note that since the parameter space is constrained here (i.e. © is a proper subset of R%) and the
Gaussian kernels actually map from R% to R%, we must perform regularization in a transformed scale,
i.e. by working with 7 := log(r), K := log(K), 7 := log(7), 67 := log(c#) and &% := log(o?,) instead of
r, K, 7, 0%, and 0% directly.

Figure 1 contains the estimated marginal posteriors for each component of § at t = 1,000 based on
both LW and FALW methods, and Figure 2 contains the corresponding posterior traces at each time
point. For both figures, we also implemented a particle Markov Chain Monte Carlo (pMCMC, Andrieu
et al. 2010) for comparison (implementation details for the pMCMC algorithm can be found in the
Supplement). Overall, we can see that for all of the parameters there is a high instability in the LW
filter estimates (we obtained similar results by varying the discount factor up to 6 = 0.5), whereas for
FALW the estimates are much more consistent across runs. FALW distributions are also more consistent
with the pMCMC posteriors, and estimates for both LW and FALW seem to converge to the pMCMC
posterior means for all of the parameters.

In order to add to the visual evidence contained in Figures 1 and 2, we also estimated the Effective
Sample Size (ESS) metric of Carpenter et al. (1999) across all M = 50 runs for each parameter. The
ESS provides us with a measure of the equivalent approximate number of i.i.d. variables supporting the
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Figure 1: 6-logistic model (31-32): kernel density estimates (solid blue lines) of the posterior distributions
at t = 1,000 for Xy, r, K, 7, 02U and 0‘2/ based on M = 50 independent runs of the Liu West filter (left
column) and the Fully-Adapted Liu and West filter (right column) methods. The filters were run with
N = 50,000 particles, and the true parameter values are Xy = log(1.27) ~ 0.2391, r = 0.15, K = 6.2,
7= 0.1, 0f = 0.47% ~ 0.2209 and 0% = 0.39? ~ 0.1521. Histogram bars are from the corresponding
pMCMC run, and vertical dashed lines are the pMCMC posterior means.
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Figure 2: 6-logistic model (31-32): trace plots of the posterior distributions for Xy, 7, K, 7, 0 and

o2, based on M = 50 independent runs of the Liu West filter (left column) and the Fully-Adapted
Liu and West filter (right column) methods. For each row, upper and lower solid green lines are the
2.5th and 97.5th posterior percentiles, and solid red lines are the posterior medians of LW or FALW at
each time point. Black dashed lines are the pMCMC posterior means, and true parameter values are
Xo = log(1.27) ~ 0.2391, r = 0.15, K = 6.2, 7 = 0.1, 07 = 0.47% ~ 0.2209 and o = 0.39% ~ 0.1521.
The filters were run with N = 50,000 particles.
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target estimate (here the posterior mean of each parameter) for each method, so that the higher the ESS
the more consistent across runs an estimate is (note that this is different from the more usual ESS metric
of Kong et al., 1994, which is computed from the importance weights and instead measures the overall
instability of the particle system). For LW, the ESS for each component of § = (Xo,r, K, 7,0%,0%)
is, respectively, (1,2,4,1,2,2) and for FALW the corresponding ESSs are (49, 53,70,57,170,110), cor-
roborating the evidence that FALW-based estimates are much more consistent than those from the LW
filter.

Regarding CPU time consumption, both methods perform equally well, with each run of FALW
taking about a second longer in average. In a Core i7 CPU 860 running at 2.80 GHz, the mean CPU
time of a LW run is 153.36 seconds and the mean CPU time of a FALW run is 181.14 seconds.

4.2 Nonlinear Seasonal Model

Next, we investigate the effect of regularization of past states, parameter values and sufficient statistics
in parameter estimates over time. We do this by comparing the Particle Learning (PL) algorithm of
Carvalho et al. (2010, see also the Supplement) with the Regularized Particle Learning (RPL) method
introduced here in Section 3.3.2 in the Nonlinear Seasonal Model (NLSM), a model that was first proposed
by Netto et al. (1978) and is widely popular as a toy example in the particle filter literature in general
(see e.g. Gordon et al., 1993; Kitagawa, 1987; Cappé et al., 2005).

Let
X X1
X, = 5+ 251 X7 + 8cos(1.2t) + oy V4, Vi ~ N(0,1), (33)
X2
}/t = 70+UWWt, Wt NN(O,l), (34)
with priors
Xo ~N(0,5), ot ~ IG(1/2,1/2), o? ~IG(1/2,1/2),

where (Vi)i>0 and (Wy)i>o are assumed to be mutually and serially independent, with Xo L V; and
Xo 1L W; for all ¢.

The state space for the NLSM model is once again X = R, the static parameter vector is § = (0‘2/, 0"24/)
and the parameter space is © = ]Ri. Here,
xt xt

=1 4 o5 t—1
2 1+ (z;_4)?

Failai 16 1) = aN (m

+ 8cos(1.2t), (Uv)t 1>

gyelat, 0,_1) = dN (yelzy, (0 )i1))-

For this experiment, we take o3 = 10 and 03, = 1 as the true parameter values, simulate a series of
n = 500 observations and then perform M = 50 independent runs of the PL and RPL methods using
N = 50,000 particles. Design choices for both the PL and RPL methods here are SIR intermediate
weights Ai = w!_; and blind state proposal q(zi|&., 1,00, 1,v14) = f(zE_,, 00 ).

The posterior distributions for o and o3, for the Gibbs sampling steps of both PL and RPL methods
are available in closed form, and are given by

Ux2/|(X0:t, Yl:t) ~ IG(at/2’ bt/2)» 012/1/|(X0:t7 Yl:t) ~ IG(bt/27 Ct/2),
where the sufficient statistics S; = (a¢, by, ¢, dy), satisfy

at::a0+t:a0+(t—l)+1:at 1+1,

t—1
bt:—bo+§jxk—Fk) =bo+ Y (Yi—Fp)* + (Vi — F)? = by + (Vi — F}),
k=1 k=1

ct=cott=co+{t—1)+1=c_1+1,

X2 2 X2 2 X2 2
dti—do-i-Z(Y—) =dp +Z(Yk_) +(Yt—26) =d;_ 1+(Yt—20>
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for each t, with Fy := X; 1/2+25X; 1/(1+ X? ;) + 8cos(1.2t) and starting at ag = by = co = dy = 1.
Since the parameter space © is once again restricted, we have to work with log-variances 5%, = log(c?,)
and 5%, = log(o3,) for the regularization steps.

Figure 3 contains the estimated marginal posteriors for each component of 8 at ¢ = 500 based on
both PL and RPL methods, and Figure 4 contains the corresponding posterior traces at each time
point. Visually, both the final posterior density estimates and their traces are very similar between
both methods, with RPL showing slightly stabler estimates. The ESS, however, shows evidence of
a more pronounced difference between the methods: ESSs for 6 = (0%,0%,) are (16,9) for PL and
(32,18) for RPL (an average twofold improvement). Overall, both methods show agreement with the
pMCMC estimates, with median posterior across chains converging to the pMCMC posterior means for
all components of 6.

Regarding CPU time consumption, RPL is about three times slower than PL, with an average PL
run taking 22.37 seconds and an average RPL run taking 62.09 seconds.

4.3 Gamma-Poisson Model

Now, we investigate the effect full-adaptation might have in sequential parameter inference, but
combined with also regularizing past states, parameters and sufficient statistics. The algorithms we
compare in this experiment are the Hybrid LW-PL of Chen et al. (2010; see also the Supplement) and
the Hybrid FALW-RPL introduced in Section 3.3.3. The target model for inference is the Gamma-Poisson
model (Jgrgensen et al., 1996; Storvik, 2002).

Let
Xi|(Xi1,0) ~ G(Xi_1/0?,1/c%), (35)
Y |[(Xy,0) ~ Pois(AX,), (36)
with priors
A~ G(1,1), o? ~ I1G(3,2),

where Pois(u) denotes a Poisson distribution with mean u.

Here the state space is X = R, the static parameter vector is = (), 0?), and the parameter space
is © =R3. Also,

Tk 1 o ) )
). sl = dPois(ulAy o).
where dG(x|a,b) and dPois(y|u) are the probability density functions of, respectively, G(a, b) and Pois(u)
random variables, evaluated at = and y.

For this experiment, we take A = 0.50 and o2 = 0.40 as the true parameter values, simulate a series
of n = 500 observations and then perform M = 50 independent runs of the Hybrid LW-PL and Hybrid
FALW-RPL methods using N = 50,000 particles. Here, the parameter for which we perform LW-type
moves is ¢ = o2 and the one for which we perform Gibbs-type moves is ¢ = A. We chose § = 0.99 for
the Hybrid LW-PL filter. Here, full adaptation is possible by choosing

f(zi‘mi—heé—l) =dG (‘Trlf

! Yt + 271 )
L+ (02)i - Ay (02)i-1

)\i S wiflp(ytlxiflﬁifl) = uzi,ldNegBin<yt

and

Ty_y i 1
yt + 7 oNg 0 A —1 + 7 oNg )
(02)i_1 ' (02)i_1
where dNegBin(z|p,r) denotes the probability density function of a Negative Binomial random variable
at x with probability p and size r, i.e. with expectation r-p/(1 — p). For the Hybrid LW-PL method, a
lookahead APF strategy is adopted, with intermediate weights given by A} oc wj_;g9(ye|py_1, mi_1, ¢4 1)

plailel 1,0, 1, p) = dG (xi

and blind state proposal q(2i|Z}.,_ 1, 04,1, y1:0) = f(xe|Fi_1,0i_,), with pi_, = xi_; and mi_, as defined
in (22).
The posterior distribution for A for the Gibbs sampling steps in both methods is available in closed
form, and is given by
)\‘(XO:M Yl:t) ~ G(at7 bt)7
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where the sufficient statistics S; = (a¢, bt), satisfy

t t—1

ag ::ao+ZYk=ao+ZYk+Yt=at—1 +Y,
k=1 k=1
t t—1

by Z:b0+ZXk:bO+ZXk+Xt:bt71 + X
k=1 k=1

for each t, starting at ag = by = 1. Since the parameter space © is again restricted, we have to work
with A = log()\) and &2 = log(c?) for the regularization steps.

Figure 5 contains the estimated marginal posteriors for each component of 6 at ¢ = 500 based on both
Hybrid LW-PL and Hybrid FALW-RPL methods, and Figure 6 contains the corresponding posterior
traces at each time point. Here the evidence in favor of full adaptation and regularization of past
states, parameters and sufficient statistics is clearer, with the Hybrid LW-PL estimates displaying higher
variability across runs than those of the Hybrid FALW-RPL algorithm, especially for the A parameter
(the one which we update via Gibbs-type moves). The ESS estimates corroborate this difference: ESSs
for = (\,0?) are (67,53) for the Hybrid LW-PL and (85,119) for the Hybrid FALW-RPL method.
Posterior for both methods show agreement with the pMCMC histograms, and chains seem to converge
to pMCMC posterior means.

Regarding CPU time consumption, an average Hybrid LW-PL run takes about 69.34 seconds, and
an average Hybrid FALW-RPL run takes about 106.37 seconds.

4.4 AR(1) + Noise Model

For the next experiment, we illustrate the performance of all 3 algorithms proposed in this paper in
the same scenario. Consider the state space model defined by

X, = ¢X,_1 +ouUs, U, ~ N(0,1) (37)
Yi = X+ ov Vi Vi ~ N(0.1) (3%)
with priors
Xolog ~ N(0,0%), dlot ~ N(0.50,0%), of =10t ~ IG(1/2,1/2).

Here we assume that Xy L Uy L V; for all ¢, s, and that (Uy);>o and (V;);>0 are serially independent.

The state space here is X = R := (—o0,+00) and the static parameter is § = (¢, 0%,0%), taking
values in © = R x R2. Since equations (37-38) describe a (Gaussian) autoregressive process (X¢):>0
of order 1 observed via (Y;);>0 with (Gaussian) noise oy V;, the model is commonly referred to as the
(Gaussian) AR(1) + noise model. Here f(z|zi_,,0i_,) = dN(z}|pi_ zi_1, (0?)i ;) and g(y|2i, 0;_,) =
AN (il (02)i_).

We reproduce here the specific configuration adopted by Nemeth et al. (2016). By taking ¢ = 0.90,
0% = 0.70% and 0, = 1 as the true parameter values, we simulate a series of size n = 1,000 of model
(37-38) and then perform M = 50 independent runs of the FALW (Section 3.3.1), RPL (Section 3.3.2)
and Hybrid FALW-RPL (Section 3.3.3) methods, using N = 50,000 particles. Here, we adopted the
rule-of-thumb bandwidth of Silverman (1986) with a Gaussian kernel for all of the methods.

In this model, the optimal importance weights and state proposal distribution are available in closed-
form as

Ny o< wy_p(yeley_y, 0_1) = wi_ dN(¢y_1x;_y, (07 )i_1 + (03)i—1)

and

' _ o2) ey 4 (02) Lo o2 . (g2)i
pladai_y, 00y y) = dN (th (0f)t—1 Zz/ti ( V)t;l . iy t—l’ ( 2U)it—1 ( \/2)ti—1 )
(0f)i—1 + (07)i1 (0f)i—1 + (07)ia
We adopt these weights and state proposals for all FALW, RPL and Hybrid FALW-RPL methods.
The posterior distributions for ¢, o7 and 0% given the states and observations are also available in

closed-form, and are given by

B (Xowt, Vi, 08) ~ N(my, 0 - ), o |(Xowt, Yiue) ~ IG(ar/2,b/2), ot |(Xow, Yit) ~ IG(ct/2,d1/2),

where the sufficient statistics S; = (my, C, ag, by, ¢, dy) satisty, for ¢ > 1,

1
my = My—1 + Hct—lFt(Xt — Fymy_q),
t
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1
Ct = Ct—l — ECtQ—lFE?

ar = az_1 + 1,
1
D,
Ci=¢Cp_1 + 1,
d :=b_1 + (Y — Xy)?,

by :=by_1 + (X¢ — tht71)27

with F; = X;_; and Dy = C;_1F? + 1, and initial conditions mg = 0.50, Co = 1 and ag = by = ¢y =
dp = 1. See Storvik (2002) for a complete derivation of these recursions.

Since the parameter space © in this model is also restricted, we work with the transformed parameters
5% = log(o%) and 6% = log(o?). Finally, for the Hybrid FALW-RPL method we chose to perform Gibbs-
type moves for (¢, o) and LW-type moves for 0%, and therefore for this method we only compute and
regularize the sufficient statistics m;, Ct, a; and b;.

Figure 7 contains the estimated marginal posteriors for each component of 6 at ¢ = 1,000 based on
the FALW, Hybrid-FALW and RPL methods, and Figure 8 contains the corresponding posterior traces
at each time point. Qualitatively, the performance for the three algorithms is strikingly similar, with
FALW showing a slightly greater variability compared to the other ones. All of the methods agree with
the pMCMC posterior distributions, and converge to the pMCMC posterior means.

The ESSs show a numerical difference between all three methods, with RPL being more consistent
across runs. Respectively, for § = (¢,0%,0%), the ESSs for FALW are (128,80, 140), the ESSs for
Hybrid FALW-RPL are (173,102, 164) and the ESSs for RPL are (178,105,202). This is consistent with
previous findings (see e.g. Carvalho et al. 2010 for some examples and further references) and, as argued
before, indicates that Gibbs-type moves should be performed whenever posterior distributions for 8 given
sufficient statistics are available (along with regularization and efficient resampling, as already discussed
in Section 3.2). With respect to CPU time consumption, an average FALW run takes about 79.93
seconds, a Hybrid FALW-RPL run takes 145.33 seconds and a RPL run takes 166.57 seconds (about
twice the average time for a FALW run).

4.5 Stochastic Volatility Model

For our final experiment, we consider inference on a Stochastic Volatility (SV) model (Taylor, 1982;
Dahlin and Schén, 2019) using real-world data from the NASDAQ OMXS30 index.
Let

X, = 6Xo_y + UL, U, ~ N(0, 1), (39)
th = Jexp(Xt/Q)V}, ‘/;ﬁ ~ N(Oa 1), (40)

with priors
Xo|? ~ N(0,7%), ¢|]7* ~ N(0.9356,0.10 - 72), 72 ~ IG(8/2,0.12/2), o2 ~ IG(5.1640/2,5.2164/2).

Here, once again (Up);>0 and (V;)i>o are assumed to be serially and mutually independent, and also
independent of Xy. These particular prior hyperparameter values comes from matching the first and
second moments of the experiment in the priors used in Dahlin and Schén (2019), although the actual
priors used here were chosen to allow for closed-form posterior distributions for performing Gibbs-type
updates.

The state space for the SV model is X = R, the static parameters are § = (¢, 7202) and the parameter
space is © = R x R2. Here,

failry 1,0, 1) = dN (4|1 q 20, (T7)ia), g(eley, 0 1) = AN (9]0, (02); exp(a1/2)).

For this experiment, we use the daily series of stock prices of the NASDAQ OMXS30 index from
January 2, 2012 to January 2, 2014. For each day t after January 2, 2012, the daily log-return is
defined by y; := log(P;/P;—1), where P; is the daily closing price, t = 1,...,500. We perform M = 50
independent runs of the Regularized Particle Learning method (RPL) of Section 3.3.2 using N = 50,000
particles. The design choices we make for the RPL method are SIR intermediate weights A} = w!_; and

blind state proposal q(i|h—1, Oy, ure) = F(olF_1, B,
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The posterior distributions for performing the Gibbs sampling steps in RPL are available in closed
form for all of the parameters. They are given by

7'2|(X0:t, Yl:t) ~ IG((lt/Z bt/2)7 ¢|(X0:t, Yi, 72) ~ N(mtﬂ'QCt), 02|(X0:t7 Yl:t) ~ IG(ct/27 dt/2),

where the sufficient statistics S; = (my, Cy, ay, by, ¢, dy), satisty

F,
my=my_1 + Ce_q - ﬁt @y — Fymy—q),
t
F2
Cy=Ci1 —CFy - ﬁt,

ar=ag1+1,
(fﬂ — tht—l)2

by = by
t t—1 + D, )
¢t =c—1+1,
Y2
dt = £ )
eXP(Xt)

for each t, with F;, := X; 1 and D, := Cy_; - F?, starting at mg = 0.9356,Co = 0.10,a9 = 8,by =
0.12,cop = 5.1640,dy = 5.2164 (see also Storvik, 2002). Since the parameter space © is once again
restricted, we have to work with log-variances 72 = log(72) and 62 = log(c?) for the regularization steps.

Figure 9 contains the estimated marginal posteriors for each component of 8 at ¢ = 500 based on the
RPL method, as well as the corresponding posterior traces at each time point. The estimates show a
certain regularity across runs, and the ESSs for 8 = (4,72, 02) are (153,222,247). The corresponding
median across runs of the posterior estimates (which are the posterior expectations in each run) are
(1.0773,0.9743,0.0202), similar to those found by Dahlin and Schén (2019)(although they rely on a
different parameterization and technique). The RPL posteriors also agree with the pMCMC posterior
distributions, and seem to converge to the pMCMC posterior means.

Figure 10 contains the log-returns and the boxplots of posterior state expectations in each run for
each day. These results are also qualitatively similar to those of Dahlin and Schén (2019), and are
consistent with the parameter estimates obtained here: log-volatilities are slow-moving due to their high
autocorrelation (given by ¢) and relatively small variance (given by 72). Average CPU consumption in
this experiment was about 83.12 seconds for each RPL run.

5 Conclusions

In this paper we introduced a framework for sequential parameter learning in state space models
capable of accommodating several other algorithms found in the literature as special cases. In order to
illustrate the flexibility and usefulness of the proposed framework, we also developed three new algo-
rithms: an improved and fully-adapted version of Liu and West (2001)’s filter, a regularized version of
Carvalho et al. (2010)’s Particle Learning method and a hybrid between the two inspired by the ideas of
Chen et al. (2010).

To analyze the performance of the sequential parameter learning methods proposed in this work, we
considered a series of simulation-based numerical experiments. First, we examined the performance of
the Liu and West (2001)’s filter and its fully-adapted counterpart introduced here in a highly nonlinear
f-logistic model (Peters et al., 2010; Polansky et al., 2009). Afterwards, we assessed inference using
the Particle Learning method of Carvalho et al. (2010) and its regularized counterpart developed here
in the Nonlinear Seasonal State Space Model (Netto et al., 1978; Andrieu et al., 2010). Next, we also
explored the performance of the hybrid filter of Chen et al. (2010) and our fully-adapted version of this
filter in the context of a Gamma-Poisson model (Jorgensen et al., 1996). Finally, we compared all three
proposed algorithms together in the context of an AR(1) + noise model (Nemeth et al., 2016). To add
to these experiments using simulation-based data, we also estimated a Stochastic Volatility model using
real-world data from the NASDAQ OMXS30 index (Dahlin and Schon, 2019; McTaggart et al., 2019).
Further experiments using the methods proposed here can also be found in Silva (2020).

In closing, we note that although much of the content of this paper has already been discussed and
presented elsewhere, to our knowledge no effort has been made to unify such a diverse set of methods

26



'soprred 000°0¢ = N UM UNL
oIom SI0Y[Y oY ], sueow Iouwjsod DINDINC o3 oIe soul] petsep yorg "juiod owly Yoeo Je (Soul] pal PIOs) surIpow Iolivjsod pue (Soul] WIS pI[os) so[rjuedIod
Jot)sod T UIG L6 PUe YIG'g oY) urejuoo sjord 9oriy oy, 'sueawr Iorwisod HINDIN o) o1e soul] paysep [edsrirea pue ‘unt HNOHNA Surpuodsariod o) wogj
oIe sreq WRISOISTH "00C = 7 JB SUOINQLIISTP Iotregsod TJY 9Y) I0J oIe (Soul] onjq PI[OS) S9JRTI)SO AJISUOP [oUISY O], "POYIOUW SUTLIRdT O[dI)IRd POzZLIR[NSY
o} Jo suna juopuedopur ()G = J WO PIseq 0 pue L ‘¢ 10} (uwmyoo Jy3Lr) s3ord oovI) pue (WWN[0D 3O[) SOILUIISO A}SUOp [oUIoYy :(0F-6E) [PPOW AS 6 oISL]

00S (0[0j4 00¢ 00¢ 00l 900 00 200 000
| 1 | |
T
o
N
o
N
o
| L
| H
| (2]
| = o
|
) L
! U
|
| e
| o
00S (00} 4 00¢ 00¢ 00l 00l S6°0 060
| | | | | | 1 1
T — o
o
®
o
o S
©
o
o
© 8
5
o w
o
A
N |
o |
a |
| N
| o
00S (0[0j4 00¢ 00¢ 00l 0¢C Sl o'l S0
| | | | | | | | 1
T o
o
I
I
I
! o
I (4]
I
I
! -
I :
I o
I
N I
o " N
H “ o
5 U || L
HI g
w “.ll nilln o
o 1 U
|
! N
w [} o
(4] |
1dd 1dd

27



‘qurod o) DR IR S9IRYS
9} Jo sueawr I01193s0d o1} are sjordxoq o} ojndurod 0 usy R} S9YRUWIYSY I0LI8)s0d dY) UNI Yoes I0J pur ‘()00‘0¢ = N YIM UNI 9I0M SIS O], 'SOUI[ PI[OS Pal sv
sueIpow JUTPUOASOIIOd oY) YIM ‘YOR[( Ul oIe POYIOW FUIUIRST 9[O1}Ied POZLIRINSSY oY) JO sunl juopusdopur ()G = py oY) JO Uoeo I0J sojew)se Iouwjsod oy Jo
sjo1d X0q ‘MOI W0330q 9y} U] ‘FT0Z ‘G Arenue 031 g1 ‘g Arenue woly poud oY) Ul Xopul O¢SXINO OVASYN 92Ul JO suingoeI-30] A[rep o3 jusssidar sout] oanjq
prios pue syutod yoe[q ‘mox doj oy uy “putod oW} Yora e (MOI UI0})0q) SIYRWMITISa A)1[19e[oA-30] Jotesod pue (mol1 doj) suinial-8o7 :(0F-6€) [PPOW AS QT 2InSr]

00s (00]72 oog 00¢ o0l 0

| | | | | |
R
. =}
3 | 0 5
0 @ Q2 Y 3 .(...o o

o O & X
,...,..w., O L

o»'. =0 ® . © ® L o
Q) n ©
P O o
o
=

00s (00]74 oog (0]0r4 (0]0]% 0
! _ ! ! ! ! _
— o
0] 0] B I_V
N

<
- o
O

= N
O = A

28



in a single framework. We single out this effort as the main contribution of our work. Moreover, our
reinterpretation of the role of regularization in the sequential parameter learning setting, inspired by the
works of Liu and West (2001) and Andrieu et al. (2010), has not appeared anywhere else in the literature.

For future work, hopefully the formalism developed for the unified framework proposed here will allow
for further exploration of the analytical and theoretical properties of general sequential parameter learning
algorithms, and also lead to a better understanding of the relationship between these methods. As far
as the practical aspect of these methods is concerned, directions for future research also include drawing
from the results on kernel density estimation literature (such as local or adaptive kernel bandwidths; see
e.g. Silverman 1986 for an early review) in order to improve upon the regularization techniques typically
employed in these algorithms.
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