JYU DISSERTATIONS 572

Santeri Karppinen

Non-linear State-space Methods for
Bayesian Time Series Modelling

)
|

UNIVERSITY OF JYVASKYLA

FACULTY OF MATHEMATICS
AND SCIENCE



JYU DISSERTATIONS 572

Santeri Karppinen

Non-linear State-space Methods for
Bayesian Time Series Modelling

Esitetadn Jyvaskyldn yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston vanhassa juhlasalissa S212
joulukuun 10. paivana 2022 kello 12.

Academic dissertation to be publicly discussed, by permission of

the Faculty of Mathematics and Science of the University of Jyvaskyl3,
in building Seminarium, Old Festival Hall S212, on December 10, 2022, at 12 o'clock.

o
H

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

JYVASKYLA 2022



Editors

Matti Vihola

Department of Mathematics and Statistics, University of Jyvaskyla
Paivi Vuorio

Open Science Centre, University of Jyvaskyla

Copyright © 2022, by the author and University of Jyvaskyla

ISBN 978-951-39-9226-2 (PDF)
URN:ISBN:978-951-39-9226-2
ISSN 2489-9003

Permanent link to this publication: http:/urn.fi/URN:ISBN:978-951-39-9226-2



ABSTRACT

Karppinen, Santeri

Non-linear state-space methods for Bayesian time series modelling
Jyvaskyla: University of Jyvaskyld, 2022, 51| p. (+ included articles)
(JYU Dissertations

ISSN 2489-9003; 572)

ISBN 978-951-39-9226-2 (PDF)

State-space methods are used in many fields of science to solve so called filter-
ing, smoothing, prediction and parameter inference problems using multivariate
time series data. Analytical solutions to these inference problems exist mainly
for linear Gaussian state-space models and discrete state-space models. Outside
these special cases, the inference is typically based on approximate methods, or
simulation-based methods such as particle filters.

This thesis develops new methods for Bayesian inference of general state-
space models and applies existing methods in challenging non-linear problems
involving multivariate time series data. The new methods presented in this the-
sis are conditional particle filters that are relevant for the inference of models that
involve uninformative initial state distributions and models that have slowly-
mixing state dynamics and/or weakly informative observation processes. The
applied problems develop new non-linear state-space models in order to solve a
prediction problem related to childhood acute lymphoblastic leukaemia and a fil-
tering problem related to the identification of wolf territories based on presence-
only citizen science data.

Keywords: non-linear, state-space model, particle filter, Bayesian inference, Feyn-
man-Kac model, Markov chain Monte Carlo, sequential Monte Carlo



TIIVISTELMA (ABSTRACT IN FINNISH)

Karppinen, Santeri

Epdlineaarisia tila-avaruusmenetelmid Bayes-aikasarjamallinnukseen
Jyvaskyla: Jyvaskylan yliopisto, 2022, 51|s. (+ artikkelit)

(JYU Dissertations

ISSN 2489-9003; 572)

ISBN 978-951-39-9226-2 (PDEF)

Tila-avaruusmenetelmid ja moniulotteisia aikasarjoja kdytetddn useilla tieteena-
loilla parametripddttelyyn sekd niin kutsuttujen suodatus-, tasoitus- ja ennus-
tusongelmien ratkaisuun. Néihin tilastollisen paattelyn ongelmiin on olemassa
analyyttiset ratkaisut pddasiassa lineaaristen sekd diskreettien tila-avaruusmalli-
en tapauksessa. Naiden erikoistapausten ulkopuolella tila-avaruusmalleihin liit-
tyvéssd tilastollisessa péadttelyssd kdytetddn yleensd likiarvoisia menetelmid tai
simulointimenetelmid, kuten niin kutsuttuja hiukkassuodatusalgoritmeja.

Téassd vditoskirjassa kehitetddn uusia Bayes-pddttelyn menetelmid yleisil-
le tila-avaruusmalleille, ja sovelletaan jo olemassa olevia tila-avaruusmenetel-
mid haastaviin moniulotteisiin aikasarjoihin ja epélineaarisiin mallinnusongel-
miin. Véitoskirjassa kehitetyt uudet menetelmét ovat niin kutsuttuja ehdollisia
hiukkassuodattimia. Menetelmit soveltuvat erityisesti tila-avaruusmalleille, joi-
den alkutilan todennékoisyysjakauma on epdinformatiivinen, ja tila-avaruusmal-
leille, joiden tiladynamiikka on hitaasti sekoittuva tai joiden havaintoprosessit
ovat epdinformatiivisia. Soveltavissa mallinnusongelmissa tarkastellaan ennus-
tusongelmaa, joka liittyy ladkityksen sddtoon lasten akuutin lymfoblastileuke-
mian hoidossa, sekd suodatusongelmaa, jossa suomalaisia susireviirejd paikan-
netaan kansalaishavaintojen perusteella.

Avainsanat: epélineaarinen, tila-avaruusmalli, hiukkassuodatin, Bayes-paittely,
Feynman-Kac malli, Markovin ketju Monte Carlo, sekventiaalinen
Monte Carlo
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1 INTRODUCTION

The classical example of a time series is that of a financial series of daily stock
prices. In fact, these kinds of univariate time series are so common that it is easy to
treat them as definitions for time series data. In general, however, data observed
in time may be much richer than this. For example, when the movement of an
object is tracked in time using GPS, the resulting time series is two-dimensional
with observations typically made at irregular time intervals. It is therefore more
accurate to say that the defining feature of time series data is the dependence
between consecutive observations, which manifests as serial correlation in time.

State-space models (SSMs) are statistical models commonly used for the
analysis of multivariate time series data [cf. Durbin and Koopman 2012]. SSMs
consist of an unobserved latent state process and an observation process that is
assumed to generate the observed time series. The latent process and the obser-
vation process are linked such that the observation process depends on the latent
process.

This structure of SSMs provides a convenient means of accounting for the
dependence in time series data and allows for modelling the known (the data)
conditional on the unknown (the latent states). Indeed, applications of SSMs
often define the latent state process such that its interpretation and dynamics re-
semble a process of interest. It is then natural to construct the observation process
given the values of the state variables, and to model the data as a realisation of
the observation process.

Perhaps due to their convenient structure, SSMs find a plethora of appli-
cations in diverse fields such as ecology [Wood 2010; Johnson et al. 2008], en-
vironmental sciences [Helske et al. 2013]], epidemiology [Rasmussen, Ratmann,
and Koelle 2011], genetics [Mirauta, Nicolas, and Richard 2014], GPS positioning
[Caron et al. 2007], and multi-target tracking [Vo, Singh, and Doucet 2003; Sarkka,
Vehtari, and Lampinen [2007; Vihola 2007], to name a few.

The central inference problem related to SSMs is the computation of proba-
bility distributions of the latent states given the observed time series. In the con-
text of Bayesian statistics, such distributions are called posterior distributions,
and the probabilistic information contained in them describes what is known
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about the latent states based on the data.

Many time series arising in applied fields are generated by processes that
are inherently non-linear, which motivates the need for state-space models and
methods that account for such non-linearities. From the point of view of statis-
tical inference of SSMs, non-linearities pose a problem, since analytical, closed-
form solutions are mainly available for the special cases of linear Gaussian SSMs
[cf. Durbin and Koopman 2012] and discrete state-space models (sometimes also
called hidden Markov models) [Baum and Petrie 1966; see also Rabiner [1989].
Outside these special cases, the inference of SSMs typically involves some form
of (Gaussian) approximation [cf. Sdrkka 2013] or is fully based on simulation us-
ing methods such as Markov chain Monte Carlo (MCMC) [cf. Robert and Casella
2004].

Since the early 1990’s, MCMC methods such as the Metropolis-Hastings al-
gorithm [Hastings 1970] and the Gibbs sampler [S. Geman and D. Geman (1984;
Gelfand and Smith {1990] have been successful in the inference of many Bayesian
statistical models. Typically, these algorithms are used to update the unknown
parameters of the model one at a time or in blocks of multiple parameters. How-
ever, it is well-known by practitioners of SSMs that the high dimension and de-
pendence often present in the latent state process can render direct Metropolis-
Hastings or Gibbs updates inefficient [cf. Fearnhead 2011]. Therefore, efficient
inference methods that are tailored to the SSM inference problems are needed.

Fortunately, particle filters or more generally, ‘sequential Monte Carlo” (SM-
C) methods [cf. Doucet, De Freitas, and Gordon 2001] have emerged as alternative
methods of simulation-based inference. The history of particle filters dates back
to the paper of Gordon, Salmond, and Smith [1993], who were the first to incor-
porate a crucial ‘resampling step’ to their inference algorithm, bridging the gap
from (sequential) importance sampling to particle filtering. Since then, new parti-
cle filters have been developed, extensively applied and theoretically studied [cf.
Godsill 2019; Doucet and Johansen 2011].

Recently, the interest in particle filtering and SMC methods has been further
elevated by the seminal paper of Andrieu, Doucet, and Holenstein [2010] that
introduced particle Markov chain Monte Carlo (PMCMC) methods that involve
using particle filters within MCMC. In particular, the paper introduced a special
kind of particle filter called the ‘conditional particle filter’, which forms the basis
for the methodological developments in this thesis.

This thesis is a mix of methodology and application. Articles II and IV de-
velop new particle MCMC methods for the statistical inference of general state-
space models. These developments are both conditional particle filters that are
suitable for models that have uninformative initial state distributions (Article II)
and for models that have slowly-mixing dynamic models and uninformative ob-
servations (Article IV).

Articles I and III are applications of existing methodology that develop new
non-linear state-space models in order to solve problems in applied fields. Arti-
cle I focuses on a prediction problem where the white blood cell counts of chil-
dren receiving chemotherapy for the treatment of acute lymphoblastic leukaemia
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are modelled using state-space models arising as approximations to non-linear
stochastic differential equations. Article III applies a state-of-the-art particle filter
and tracking model to the estimation of the number and locations of wolf terri-
tories in Finland, using presence-only citizen science observations such as tracks
and sightings of wolves.

The rest of the introductory part of this thesis reviews the methodological
background of Articles I-IV and summarises the research contribution of this the-
sis. Chapter [2| defines state-space models and describes inferential tasks that are
of interest with them. Then, Chapters review concrete inference methods
for solving these inferential tasks under various assumptions on the state-space
model. Chapter 3| covers linear Gaussian state-space models and approximate
inference for Gaussian state-space models involving non-linearities using the ex-
tended Kalman filter. Chapter 4 discusses particle filters and the inference of
general state-space models using them. Chapter 5 covers conditionally linear
Gaussian models, the inference of which uses techniques discussed in Chapters
and [ Finally, Chapter [6|summarises the research contribution of this thesis in
relation to Chapters and Chapter 7] concludes with a discussion.



2 STATE-SPACE MODELS
2.1 Definition

State-space models (SSMs) are a class of time series models for a p-dimensional
time series y1,Y2,...,Yn, assumed to arise as a realisation of a stochastic obser-
vation process Y7, Y, ..., Y,;. SSMs assume that each random variable Y; is con-
ditionally independent given X;, where each X; is a random variable from a d-
dimensional latent Markov process X, Xj, ..., X, which is commonly referred
to as the state process. An SSM can be written in the following general form:

Xk | (Xk—l = xk_l) ~ fk( | xk_l), fOl'k Z 1 and XO ~ fo (1a)
Yi | (Xie = xx) ~ g (- | x¢), fork > 1, (1b)

where fj is the prior distribution for the initial state Xy, ( fx)x>1 are Markov tran-
sitions of the state, and g for k > 1 correspond to the conditional distributions of
Yy given X = x;. Equation is commonly referred to as the state equation or
the dynamic model and as the observation equation or observation model. Figure
1] visualises the model as a directed acyclic graph.

Often, the distributions f; and gy may also depend on parameters 6. When

this dependence is of particular interest, we will denote the distributions by f,fg)

and g,((g). Furthermore, we shall in general make the assumption that f; and gx ad-

mit densities, and reuse f; and g to mean their densities instead of distributions.

2.2 Inference tasks

The most common inferential tasks related to SSMs of the form (1) are filtering,
prediction, smoothing and parameter inference [cf. Sarkka 2013]]. This section defines
these inference tasks and discusses them on a high level. Hereafter, we denote by
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FIGURE1 A directed acyclic graph highlighting the dependency structure of state-
space models.

zi;j = (2i,Zi41, - - -, 2j) for i < jasequence of consecutive variables, and by z;.; for
i > j an empty sequence.

Filtering or state filtering is concerned with the computation of the so called
‘filtering distributions’ p(x; | y1f[|for k = 1,...,n. The kth filtering distribution
corresponds to the distribution of the state x; given the first k observations y.,
and may be expressed as

Sk | x)p(xk | y1x—1) )
Pk [yi1)

p(xx | yix) =

where p(yx | yix-1) = [y 8k | x)p(xx | y1x-1)dxy, with X denoting the
domain of a state variable.

Prediction means computing the predictive distributions of future states or ob-
servations, that is, the distributions p(x,11 | Y1) of p(Yn+1 | Y1n):

PG [yi) = [ fra (s | %)p (o | y1an)dlr, and
3 (3)
P [v10) = [ guea(Unin | 2s)pCon | 1),

which may also be recursively used to obtain k > 1 step ahead predictive distri-
butions p(Xy1 | Y1:n) OF P(Ynik | Y1n)-

Smoothing or state smoothing refers to the computation of ‘smoothing distri-
butions’: distributions of the states given the full time series. Typically, the inter-
est is in the marginal smoothing distributions p(xx | y1.,) fork = 0,...,n, or the
full smoothing distribution p(x¢., | y1.,), which preserves the dependencies be-
tween consecutive state variables. In general, the difference between smoothing
and filtering is that in smoothing, state xy is also conditioned on all observations
after time k.

The transitions (fx)x>o and/or the observation densities (g )x>1 of the SSM
may also depend on unknown parameters 6 that must — possibly in addition
to the states — also be inferred based on the observed data y1.,. This is known

! In general, we will use the common notation where p stands for a generic joint, marginal or

conditional distribution/density, and the arguments of p indicate which distribution is in
question. Especially with conditional distributions, when there is possibility of ambiguity
with this notation, we use additional subscripts for p to denote which random variables’
distribution we mean.
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as parameter inference. In the Bayesian setting, the parameters 6 are given a prior
distribution pg and modelled alongside the SSM (TJ).

Considering parameter inference as part of the inference problem compli-
cates the solution of the filtering, smoothing and prediction problems, since then
the parameters have to be integrated out from the filtering, smoothing and pre-
diction equations. For example, the distribution p(y,+1 | y1.,) above becomes

Pt [y = [ [ Gt [ 500)p o [6,5100)p(0 | y1) 18,

involving an integral over the parameter space ®. In a fully Bayesian setting,
this complication may be dealt with by inferring joint posteriors of the states and
parameters, such as p(x, 0 | y1.x) for filtering, p(y,+1,60 | y1.,) for prediction or
p (X0, 0 | y1.) for smoothing.

It is also possible to obtain a point estimate of 8, and then use the obtained
estimate as the value of 6. A point estimate can be obtained as a maximum a
posteriori (MAP) estimate of 6, by maximising the marginal posterior density

PO | y1n) < p(y1n | 0)p(6), (4)
where .
pP(yin 10) =1 p(vk | yik-1.9), )
k=1
with

pWi | y1:4-1,0) = /X P Wk | Xk Y1:k—1,0) p(xk | Y1:k—1,6)dxy,

is the marginal likelihood. It is also possible to use maximum likelihood, in which
solely the marginal likehood is maximised with respect to the parameters 6. The
use of point estimates might however result in a drastic underestimation of un-
certainty in the inferred distributions, since uncertainty regarding the parameter
value is disregarded.



3 GAUSSIAN STATE-SPACE MODELS WITH
NON-LINEARITIES

This chapter discusses approximate inference for a special case of the SSM
where the distributions f; and g are Gaussian but involve non-linear functions
of the states. We will begin by reviewing the inference for a linear Gaussian state-
space model, which provides a building block for the approximate inference.

3.1 Linear Gaussian state-space models

Linear Gaussian state-space models (LGSSMs) [cf. Durbin and Koopman 2012;
Harvey [1990] are a special case of the SSM (1) where the distributions f; and
gk are Gaussian with linear dependencies. An LGSSM has the general form:

Xk = Ty X1 + Ring, and Xo ~ N(po, Xo)

B (6)
Yi = Zi Xy + €,

where N (x, C) stands for the multivariate normal distribution with mean vector x
and covariance C, 17y ~ N(0, Q) and €x ~ N(0, Hy) are independent, and o and
>y are the mean vector and covariance matrix of the initial distribution for Xj.
The constant matrices (T )r>1, (Ri)k>1, (Zk)k>1 and covariances (Qy)x>1, (Hi)k>1
have appropriate dimensions. An LGSSM may be placed in to the general form
of the SSM (I by setting:

fo = N(po, Zo)
fil | x-1) = N(Tixe_1, ReQxRy) for k > 1
8k(+ | xx) = N(Zgxy, Hy) fork > 1,

where X' stands for the transpose of the matrix X.
In the case of an LGSSM, the kth filtering distribution, p(xx | v1.), is Gaus-
sian with mean and covariance denoted by i, and Xy, respectively. These may
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be computed for k = 1,2, ..., n using the well-known recursive algorithm known
as the Kalman filter [Kalman [1960; Durbin and Koopman 2012, Section 4.3]:

Prediction step:
Hik—1 = Trbk—1jk—1
Shko1 = Tkt Tx + ReQiR,
Update step:
Uk = Yk — ZkMrlk-1 )
F = Zk2k|k—1z;< + Hy
Ki = S 1 Z(F, !

Hik = Mijk—1 + Kivk
Lk = Zkk—1 — KeZiZjk—1

where ju;; := E[X; | Y1;j =y, £y := Cov[X; | Yi;; = ya.jl, pojo := po, Zojo := Zo
and X! stands for the inverse of the matrix X. The Kalman filter proceeds by
computing the predictive state distribution p(xx | y1x-1) = N(pxr—1, Zje—1)
in the “prediction step’, and then updating the predicted distribution to the kth
filtering distribution p(xx | y1x) = N(pk Zkx) by conditioning on the latest
observation yj in the ‘update step’.

If at time k the observation yj is missing (at random), the update step can
be omitted, and i = pgr—1 and Xy = Xyx_; set instead. This provides a con-
venient mechanism for dealing with missing values in the time series [cf. Durbin
and Koopman 2012, Section 4.10]. In a similar fashion, the predictive distribution
of the states p(x,, 1 | y1.,) for some k may be computed by considering the “fu-
ture values’ of the series, v,+1, Yn+2, ..., Yn+k, as missing, and then running the
Kalman filter for the series y;.,, 1 [cf. Durbin and Koopman 2012, Section 4.11].
In effect, this computes the predictive state distribution

Xk | Vi = Y1) ~ N(Hnikin Znikin)- (8)

Since Y1k = Zy+kXn+k + €4k the predictive distributions for observations are
then given by

Yn—l—k | (len - ]/1:11) ~ N(Zn—|—k}4n+k\n/ Zn+kzn—|—k\nzn+k + Hn+k)- (9)

The kth marginal smoothing distribution p(xy | y1.,) of an LGSSM is Gaus-
sian with mean and covariance i, and X, respectively. These can be recur-
sively obtained in a backward pass fork =n —1,n —2,...,0, which is known as
the Kalman smoother (Rauch-Tung-Striebel smoother) [Rauch, Tung, and Striebel
1965; Sarkka 2013, p. 135-136]:

/
_ —1
Gy = Zk\ka+121c+1|k

Mikin = ik + Gr(Hrgain — Prs1je) (10)
Zein = Zigk + Gr(Zp1n — Zkpae) G
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Finally, the marginal likelihood of an LGSSM is available in closed form [cf.
Durbin and Koopman 2012, p. 171], since a computation similar to (9) yields:

IOg (p(]/ln))
= log (g p (v | yl:k—l))

n , (11)
= log ( T TN Zrptse—1, ZeZae—1Zx + Hk))
k=1

n 1 ¢ =
- —jplog(Zﬂ) =5 3 [log(IFd) + v o],
k=1

where p is the dimension of the observations, N(y; u, %) stands for the density of
N(u, %) evaluated at y, and vy and Fy are computed by the Kalman filter (7).

3.2 Introducing non-linearity and the extended Kalman filter

Let us now turn to study a non-linear generalisation of the LGSSM introduced in
Section[3.1}

fo = N(po, Zo)
fel | 1) = N(Te(xg-1), Ree (k1) Qe (xe—1) Rec (x5 -1)) (12)
gk(+ | xx) = N(Zg(xx), Hr(xx)),

that is
X = Ti(Xi—1) + Re(Xi—1)me and Xo ~ N(po, Zo)

Y = Zk(Xk) + €,

where N ~ N(O, Qk(kal))/ € ~ N(O, Hk(Xk)), and Tk/ er Qk/ Zk and Hk are
now differentiable functions.

There exists a vast literature regarding methods used for approximate in-
ference of models similar to [cf. Sarkka 2013, Sections 5 and 6], including
unscented Kalman filters [Julier, Uhlmann, and Durrant-Whyte 1995} Julier and
Uhlmann 2004], the Gauss-Hermite or quadrature Kalman filter [Ito and Xiong
2000; Arasaratnam, Haykin, and Elliott 2007], and the cubature Kalman filter
[Arasaratnam and Haykin 2009]], to name a few. This section reviews the ear-
liest of them, called the extended Kalman filter (EKF) [Jazwinski 1970; Maybeck
1982], which may be seen as a generalisation of the Kalman filter (7).

The EKF may be derived by expanding the functions Ty, Rk, Q, Zx and Hy in
using Taylor series around piy_qx_1 (for Ty, Ry and Q) or piyi_y (for Zy and
Hy), and then applying the Kalman filter for the resulting linearised model [cf.
Durbin and Koopman 2012, Section 10.2]. This yields the approximate prediction

(13)
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and update equations:

Prediction:
Hik—1 = Te(Mr—1jk-1)
i1 = TiZg_1jk— T + Rk(i/lk71|k71)Qk(.”kfl\k—l)Rk(l/lkfukfl)/
Update:
Ok = Yr — Zk(Pkjk—1) (14)
Fe = ZiZye1Zi + Hi(ugp1)
Ki = Sy 1 ZeF !
Hrk = Hrjk—1 T Kivk
itk = Zk—1 — KeZiPyk—1,
where
0Ty (x

Ty := ; ) and Z; :=
ox

9Zi(x)
ox’

X=Hk—1]k—1 X=Hk|k—1

are Jacobian matrices evaluated at the points p_qx_1 and i x_q, respectively.
Approximations to the predictive distributions, marginal smoothing distri-
butions and the marginal log-likelihood may be obtained similarly as in the case
of an LGSSM, using (8)—(11) with the required quantities obtained from and
Ty,1 replaced by Ty 1 in (I0). The resulting smoothing algorithm is known as the
extended Rauch-Tung-Striebel smoother [Cox 1964; Sarkka 2013, p. 144].



4 INFERENCE OF GENERAL STATE-SPACE MODELS
USING PARTICLE FILTERS

In this chapter, we discuss inference methods for SSMs (1) that do not place any
further assumptions on the distributions (fx)x>0 or (gx)x>1 than those discussed
in Section[2.1} This freedom in specifying ‘any state-space model we want’, rather
generically, leads to inference algorithms that are fully based on Monte Carlo sim-
ulation. The methods discussed in this chapter are most relevant for the inference
of non-linear state-space models (NSSMs), which are SSMs of the form (1)) that do
not have the structure of an LGSSM (6).

The main methods of this chapter will be based on so called particle filters
that are Monte Carlo algorithms useful for approximating sequences of probabil-
ity distributions [cf. Doucet, De Freitas, and Gordon 2001]. A particle filter ap-
proximates each distribution in sequence using N weighted values called ‘parti-
cles’, which are propagated using simulation along the sequence of distributions.
The weighted particles can then be used to estimate expected values of interest
with respect to the distributions in the sequence. Particle filters find uses also
outside the context of time series modelling where they are typically called se-
quential Monte Carlo samplers [Chopin and Papaspiliopoulos 2020, Section 17].

Next, Section 4.1{will introduce a basic particle filter. This method will then
be slightly generalised using so called Feynman-Kac models that are the topic of
Section Section 4.3| discusses the conditional particle filter that is especially
relevant for solving the smoothing problem. Finally, Section 4.4| introduces two
methods that use particle filters for the joint inference of the states xy., and pa-
rameters 6 of an SSM.

4.1 A basic particle filter

Particle filters are extensions of importance sampling [cf. Geweke 1989], and in
the context of SSMs, the sequence of distributions we are interested in approxi-
mating is the sequence 7y (xg.) := p(xo | y1.x) fork = 1,2,...,n. In particular,
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assume that we are interested in approximating the expected value

]E[h(XO:k) | Yix = yl:k] = /Xk+1 h(xO:k)p(xO:k | yl:k)dXO:k/

for some k > 1. A naive, inefficient approximation may be obtained via (‘self-
normalised”) importance sampling with an importance distribution qﬂ using the
estimator
" (x()) th x U
Y h(Xy) with X3 ~ ¢, (15)
i=1
where ngi) = Wk(i) / Zjlil WIEJ ) are the normalised importance weights, and W,Ei)
are proportional to nk(X(()l])() / q(Xézl)c)
Notice that the distribution 7 (xp.x) = p(Xox | y1.x) can be related to the
distribution 7tx_1(xpx_1) = p(%0:k—1 | Y1:k—1) via the identity:

Sk (W | i) fie Qx| x—1) p(x0k—1 | Y1k—1)
p(Yk | y1x—1) (16)
o< k(i | x) fe (x| X—1) p(Xoik—1 | Y1:k—1),

p(xox | y1:k) =

which may be derived using Bayes’ rule and the conditional independencies aris-
ing from the structure of the model (T).
Furthermore, if the importance distribution g = gk is chosen such that

K
qox(Xox | vax) = qo(xo) [ [ ai(xj | xj—1,y1:5), (17)
j=1

the importance weights can be computed recursively, since

W o (Xg)
Jox(X (()l;)(|y1k)
gk@/er >fk< Nx0) meax) )
( |Xk 113/1 ) fio:k—l(X(()l;)< 1 yaia—1)
geli | XA 1 X0
0 0 Wit
qk(Xk |ka11y1:k)

(18)

This form of recursive weight computation applied to is known as sequen-
tial importance sampling (SIS) [cf. Doucet, De Freitas, and Gordon 2001, Section
1.3.2]. Here, for simplicity (and consistency with Section [4.3), we have made the
assumption that in each g; for 1 < j < k only depends on the previous state
x;j—1 and the observations y1;, although in general nothing prevents the g;’s from
depending on the full past ‘trajectory” xo.; 1 and/or on the observations y .

1 satisfying the support condition q(xo.x) = 0 = 7t (xpx) = 0 for all xg € X*F1.
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In the context of SIS (and particle filters), it is useful to note that the estima-
tor is equal to the expected value of the function & with respect to the empir-
ical distribution placing probability WIEI) for trajectory (particle) X(()ll)( Thus, the

normalised weights and particles (W,Sl), X(()l])c), i=1,2,...,N canbe interpreted as

an empirical distribution approximating 7ty (xo.x)-

It turns out that SIS suffers from a problem where most of the particles
Xéll){ ~ qo.x for k large will have close to zero (importance) weights, thus pro-
viding a poor approximation of the distribution 7y (x¢.x) [cf. Cappé, Moulines,
and Rydén 2005} Section 7.3.1]. To circumvent this problem, a particle filter adds
a resampling step to SIS, which probabilistically eliminates and duplicates par-
ticles after weight computation such that particles with small weights are most
likely to be eliminated.

This leads to a basic particle filter (Algorithm [I)) targeting an SSM of the
form (I) with transitions (fx)o<k<n, Observation densities (gx)1<x<,, importance
distribution go., and N particles [cf. Sarkka 2013} Section 7.4; or Doucet, De Fre-
itas, and Gordon 2001]. Here, we also introduce a notation where z](::] ) = (z](cl),

z,(ciH), e, z,(j ) ) for i < j stands for a collection of values of state variables, and

(i:7)

z; " fori > j stands for an empty collection.

Algorithm |1| progresses for k > 0 by simulating the particles X]((LN) from

the proposal g (lines and E , computing their weights W,SLN) (lines [3{and
8), and resampling the particles. The resampling operation r occurs on line

and outputs so called “ancestor indices’ A,(cl_:ll\]) that index the particles that were
chosen (not eliminated) in the resampling. As the algorithm progresses, the full

set of ancestor indices A(()lnzi)l forms an ‘ancestral lineage’, where A,(:Zl = jimplies

that the “ancestor” of the particle X](:) is the particle X,(Ql. Note that the particles

X,((LN) may be reconstructed from the ‘particle system’ X(()},;N) and ancestor indices

A(l:N ) .
0:n—1
The resampling operation can be implemented in many ways, the most
common of which is multinomial resampling, which was the first resampling al-
gorithm used with particle filters [Gordon, Salmond, and Smith [1993]]. In multi-
(1:N)
-1

nomial resampling, the ancestor indices A, ;" are drawn from the categorical

distribution Categ(WISEf]) ), that is, a discrete probability distribution that places

probability ng?l / ijil W,EJJ | for outcome i. Another common resampling opera-
tion is systematic resampling [Whitley 1994; Carpenter, Clifford, and Fearnhead
1999] (Algorithm [2), which is popular since it typically works well in practice
and is simple to implement efficiently. Other common resampling algorithms are
stratified [Kitagawa [1996]] and residual resampling [Baker 1985; Higuchi 1997].
In fact, Algorithm [I| can be used with any unbiased resampling [Crisan, Del
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Algorithm 1 BASICPARTICLEFILTER(( fx)o<k<n, (Sk)1<k<n, Go:n, N)
(i)

1: Simulate X;” ~ qo fori=1,...,N.

2: Set X\ = X“ fori = 1 N.

3: Compute W fg( )/qo( ) fori=1,...,N.

4: fork=1,2,...,ndo

5: Simulate A,Eizl ~r(- | WklzN)) fori=1,...,N.

6: Simulate X,Ei) ~ qr(- ] X ),yl ) fori=1,...,N.

. (i)
7. SetX,((l):(X,({A"{l),X())forz:l N

A0
gelye | X) f(x | x4y
Elk(Xk |kak1_1)

8: Compute W() fori=1,...,N.

’ yl:k)
9: end for

10: return (Xé:l;lN), Wé},;N), A(()l,ﬁ)l)

Algorithm 2 SYSTEMATICRESAMPLING(W(LN )

: Set WO = W@/, W) fori =1,2,...,N.
Slmulate u~ Umf(O 1)
Set 1) = (U+i—1)/Nfori=1,2,...,N.
fori=1,2,...,Ndo ' ‘

Set A) = j where j is such that Z;;ll Wk <0 <y; W
end for
return A(1:N)

NN

Moral, and Lyons |1999], that is, a resampling that satisfies:

()
E[%KA(Z) —j } — N#‘l(i). (19)
i=1 Yo W

With simple modifications to Algorithm [1} it is also possible to resample the
particles ‘adaptively’ [cf. Chopin and Papaspiliopoulos 2020, Section 10.2], only
when the effective sample size of the normalised weights [Liu[1996] reaches some
threshold, but this direction is not studied further in this thesis.

Most importantly, the output of Algorithm [I|provides an approximation of

e (X0.) = (X0 | Y1.4) as the empirical distribution with support points X,((i) and

associated probabilities ngi) = ngi) / 2]-1\;1 Wlfj ), i=12,...,N. Fork > 0, we
may estimate

/Xkﬂh(xo:k) (x0:% | y1:x)dxo using Zh ) ;E) (20a)
i=1

=0 i=1

K N
p(y1x) using p(yix) H ( ZW] ) (20b)

The estimator (20a) is consistent as N — oo under certain technical assumptions
using multinomial [Del Moral 2004], and stratified as well as residual resampling
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[Gerber, Chopin, and Whiteley 2019]. Gerber, Chopin, and Whiteley [2019] fur-
ther discuss that for systematic resampling, a convergence criterion might fail de-
pending on the order of the input particles, based on an example given by Douc
and Cappé [2005]. The example constructed by Douc and Cappé [2005] however
considers only a single isolated resampling operation, and is therefore inconclu-
sive from the point of view of practical applications of the estimator (20a). The
work of Gerber, Chopin, and Whiteley [2019] also features another resampling
(Srinivasan sampling process), which is in a sense ‘close” to systematic resam-
pling, and leads to a consistent estimator.

In practice, the estimator typically converges quickly for functions h
that only depend on state variables later in the sequence, that is, 1 depends on x;,
where k — | is small. For estimating expectations involving early state variables
(such as x1) convergence may be slow, and therefore, the methods introduced
later in Section [4.3|are preferable.

The estimator gives a means of estimating the normalising constant
of p(xox | y1.x). It can be shown that the estimator is unbiased given an unbi-
ased resampling [Del Moral [2004; see also Vihola, Helske, and Franks 2017,
Proposition 21 (i)].

Finally, the particle approximation (W,S’), X,(f)),i =1,2,...,Nof p(x | y1.n)
can also be used for prediction, since for k > 1, we may estimate

p(xn—i-k | yl:n) U-Sing ~;5i)l9xn+k|xn (xn+k | Xr(zi))/ and

M=

N
I
—_

(21)

Py, %0 Ytk | X;(qi)),

M-

-~
Il
—_

P(Ynik | Y1:n) using

which follow by appropriate choices of & in (20a)). If the densities in are not
available analytically, their Monte Carlo approximations can be used instead.

4.2 The Feynman—-Kac representation of a state-space model

Next, we will discuss an alternative representation of an SSM of the form
as a so called Feynman-Kac (FK) model [Del Moral |2004; see also Chopin and
Papaspiliopoulos 2020, Section 5] that is used for the remainder of Chapter [4
FK models are attractive representations of SSMs from many points of view [see
Chopin and Papaspiliopoulos 2020, Section 5.1.3 for a listing], but in particular
they provide a convenient abstraction that allows for separating the statistical
model of interest (the SSM) from its representation in particle filtering algorithms.
As an example of this, we slightly generalise Algorithm [Tjof Section .1 below.
The idea of FK models is to represent the SSM in terms of

¢ an (alternative) initial distribution M for the state,

e (alternative) state Markov transitions M (- | xx_1) for 1 < k < n,and
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* so called ‘potential functions’ Gy : X — [0,00) and G; : X2 — [0,00) for
1<k<n.

In this thesis, we make the additional assumption that Mo., = (Mj)o<k<, admit
densities, which we will also denote using the symbols M.

It is assumed that an FK representation (a particular choice of M., and Gy.,
above) of an SSM has the same joint distribution as the joint posterior distribution
of the states of the SSM. In our setting, this means that given that the observations
Y1.n are fixed, the joint density of all latent states x., and observations ., of the
SSM,

p (o Y1) = folx0) [ T feCet | %)k | x1), @)
k=1

is equal to the joint density of the FK model

n
K(x0:0) := Mo(x0)Go(xo) | [ Mi(xk | xk—1)Gr(x—1, Xk), (23)
k=1
that is,
p(X0:n, Y1) = K(X0.), for any xg., € X! when vy, are fixed. (24)

As an example, we can express an SSM of the form (1) using the FK model:

Mo(-) = qo
Go(x0) = fo(x0)/q0(x0)
My(- | %1) = gil- | x0), for 1 <k <n (25)
Sy | ) fie(x | xk-1)
Gr(xp_1,xr) = 7eC | 1) ,forl <k <mn,

which clearly satisfies assumption (24), and where g; for k > 0 is a ‘proposal
distribution’ as in Section 4.1]

Algorithm 3| details a generic particle filter for the SSM underlying the FK
model FKo., := (Mo, Go:n) using N particles and an unbiased resampling r
[Chopin and Papaspiliopoulos 2020, Section 10.1]. With the FK model (25), Al-
gorithm [3| corresponds to the basic particle filter (Algorithm [I) of Section
However, we note that Algorithm 3]is less involved and allows us to interpret the
distributions My, as distributions for propagating the particles forward (‘pro-
posal distributions’), and the potential functions Gy, as functions for computing
the weights of the particles.

Algorithm [3] is also slightly more general than Algorithm [1] Algorithm
only considers models of the form (25), which satisfy

p(xO:kr yl:k) = K(xO:k)l forall1 <k < n. (26)

In contrast, with Algorithm [3 we may target also models that do not satisfy (26).
As an example, consider the models similar to the ones introduced in [Guarniero,
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Algorithm 3 PARTICLEFILTER(F K., N)

Simulate Xéi) ~ My(-) fori=1,2,...,N.
set X! = x{! fori =1,2,...,N.
Compute W = Go(X\) fori =1,2,...,N.
fork=1,...,ndo

Simulate Alglfl\]) ~r( ] Wﬁi\l))

A

. (i) (A) -
Simulate X' ~ M(- | X, ") fori=1,2,...,N.
‘ (@) .
70 Setx!) = (X XDy fori=1,2,...,N.
8: C (i) _ (Az(ﬁl) (i) P
: ompute W’ = G¢(X, |",X,’) fori=1,2,...,N.
9: end for

10: return (X((]},;N), Wé},;N), A(()l,ﬁ)l)

Johansen, and Lee 2017], such as

Mo(-) = g0
oy = folxo)
( 0) ﬂlo(xo) ( )
Mi(- | xk-1) = qic(- [ x¢—1), for 1 <k <mn 27)
_ SOk | xe—1) 8k (i | xk) (k) forl<k<mn-1
G, %) = ax(xXk | xk-1) M1 (xx-1)’ .
_ Fu(xn | Xu-1)8n(Yn | xn) 1
Gn(xn—lz xn) — qn(xn | anl) Unfl(xn—l)’

where (7x)o<k<n_1 are suitably chosen ‘twisting” functions. When does not
hold, however, only holds for k = n for the output of Algorithm

4.3 Particle smoothing using the conditional particle filter

We will now move on to discuss the conditional particle filter (CPF) [Andrieu,
Doucet, and Holenstein 2010], which is a PMCMC method for particle smoothing,
that is, for the inference of the posterior p(xg.; | Y1:1)-

In a practical sense, the CPF together with a so called ‘traceback” operation
(discussed below) can be described as an MCMC method for simulating ‘trajec-
tories’ X(()le,i =1,2,...,M from p(xo.y | Y1.n). The CPF is similar to the particle
filter (Algorithm [3), but features a so called ‘reference trajectory/particle’ that is
never mutated as the algorithm progresses.

Algorithm @below details the CPF targeting the FK model F K., = (M.,
Go:n) using N particles, given that the reference trajectory X, resides in the in-

(1:N)

dices By, of the particle system X, "’. In contrast to Algorithm 3 I immutability

of the reference trajectory is ensured on lines and@ where X, (Br) = Xy for
k > 0 is enforced — and by the resampling operation that occurs on line
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In fact, the resampling has been written in a slightly nonstandard way that
differs from [Andrieu, Doucet, and Holenstein 2010, who focused on multino-
mial resampling. In contrast, Algorithm 4 works with a generic ‘conditional re-

sampling’ 7(*?), which draws the ancestor indices Al(le for i # b conditional

on A,({ll)l = 4, and therefore ensures that the reference indices By., are correctly

(1:N)

recorded to the ancestor indices A, ;. A sufficient condition which ensures that
r(@b) is valid for use with Algorithm 4! is given in Article IV (Definition 1), com-
plementing the earlier work of Chopin and Singh [2015]]. Article IV also provides
two concrete resamplings that may be used with Algorithm {4; the conditional
killing resampling and conditional systematic resampling with mean partition
(Algorithms 5 and 6 in Article IV, respectively). Furthermore, the work of Chopin
and Singh [2015] provides conditional variants of standard systematic resampling

and residual resamplingﬂ

Algorithm 4 CPF(FKo.,, N, X;.,,, Bo:n)

Simulate X ~ Mo(-) fori = 1,2,...,N,i # By.
Set X\ = Xz and X = X" fori =1,2,...,N.
Compute Wél) = GO(X(()Z)) fori=1,2,...,N.
fork=1,2,...,ndo

Simulate A,El_:l) 7(Bi-1,B¢) ( | W (LN) )

A

Simulate X ~ My(- | X)) fori = 1,2,...,N,i # By,
7. Set X(P = xz.

g setX = (x4 X0 fori=1,2,...,N.

9: Compute Wk(i) = Gk(X,(f)) fori=1,2,...,N.
10: end for

11: return (Xé:l;lN), W(g},;N), A(()l,ﬁ)l)

Algorithm 5 TRACEBACK(X SN, W™, A0'N) TRACEMETHOD)
1: Simulate B, ~ Categ(W,SlZN)).
2: Byy1 TRACEMETHOD(X(().LN ) AélnN )1,1§n)

n
3: return (Xéff:"), Boun)

After running the CPF, a ‘traceback’ algorithm (Algorithm 5) may be run on
the output (Xé:li;N), Wé}n:N), AglnN)l) of the CPF. This yields new indices By., and

reference Xéi‘*”). There are two ways to implement TRACEMETHOD in Algorithm

the original “ancestor tracing’ variant (Algorithm 6) introduced by Andrieu,
Doucet, and Holenstein [2010] and the ‘backward sampling’ variant (Algorithm
[Whiteley [2010].

2

With the additional assumption that the condition in the conditional resampling is always
Al =1,
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In ancestor tracing, the new ancestral path is chosen by backtracking along

(1:N)

the ancestor indices A, " sampled during the ‘forward pass’ (Algorithm 4). In
contrast, backward samplmg employs further sampling to generate the ances-
(1:N)

tral path, whose indices are drawn from Categ(w, ~ ). The ‘backward sampling
weights’ wlgl) are computed using the FK model, and their computation requires
that the transition densities (M )1<x<, can be evaluated pointwise. Note that an-

cestor tracing does not require X(()},;N) ; the first argument to Algorithm @ is only
included for consistency with Algorithm [7]as this allows us to write the generic
Algorithm 5|, which will be relevant for Section [4.4,

A single update (X, Bo.n) — (X, (Bo.n) ,Bo.n) (that is, Algorithm |4 I followed
by Algorithm [5) detailed in Algorithm I 8| constitutes a Markov transition that
leaves p(xg.; | Y1.1) X Unif({1:N}"*1) invariant. This result was shown first by
Andrieu, Doucet, and Holenstein [2010] in the case of multinomial resampling
and ancestor tracing. Then, Whiteley [2010] noted that the same holds with back-
ward sampling. Chopin and Singh [2015] then showed that the above invariance
holds in the cases of conditional systematic and residual resampling using an-
cestor tracing. Theorems 2 and 8 of Article IV further extend these results to the
‘general case’” of Algorithm |8 where the resampling (within Algorithm [4) is any
valid conditional resampling (satisfies Definition 1 of Article IV) together with
either ancestor tracing or backward sampling.

The invariance of the above Markov update together with mild irreducibil-
ity assumptions [cf. Roberts and Smith 1994] yield the estimator

&(j)y M—o0
M = h(Xs, ”) /X"H h(x0:n) P (X0:n | Y1:0)AX0:1, (28)

forany N > 2in Algorithm@ Here, X(()]:L, j=1,2,..., M correspond to trajecto-
ries simulated by iterating Algorithm

Chopin and Singh [2015] showed that (under multinomial resampling) the
asymptotic variance of the estimator is smaller with backward sampling than
with ancestor tracing. This suggests that backward sampling should always be
used with Algorithm if the transition densities (M )1 <<, are tractable. Indeed,
in practice the difference between the methods is typically strikingly obvious,
and the Markov chains sampled using backward sampling often exhibit far better
mixing than with ancestor tracing [cf. Chopin and Singh|[2015| Section 6; Lindsten
and Schon 2012, Section 4]. Despite this, ancestor tracing is still relevant when the
densities (M )1<k<,, are intractable or expensive to evaluate.

Algorithm 6 ANCESTORTRACING(X(()lnN ), AélnN )1, By)
fork=n—-1n-2,...,0do
Set By = A"
end for

return BO:n
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Algorithm 7 BACKWARDSAMPLING(X((); ), AN B

1: fork=n—-1,n— .,0do
2 f0r1—1,2,...,Ndo
. M) . . .
3 Ifk>1,set X,(f) = (X,Eil’i’l),X,EZ)); otherwise set X,(;) = X,El).
4 Compute w(” = Ge(X\)Gyy1 (X, xPethy My 5 (x(Ps) | x10),
5 end for
6 Simulate By ~ Categ(w,((lzN)).
7. end for

8: return By.,

Algorithm 8 CPF-UPDATE(F Ko.., N, X{,.,,, Bo.-n, TRACEMETHOD)

1 (X, Wi, AR« CPE(FKom, N, X5, Bon)
2: (X(BO”) Bo.n) + TRACEBACK(X(1 N),W,SLN) Aén )1,TRACEMETHOD)
3: return (Xéf};”), Bo.n)

4.4 Joint parameter and state inference with particle Markov chain
Monte Carlo methods

We conclude this chapter by reviewing the particle marginal Metropolis-Hastings
(PMMH) and particle Gibbs (PG) [Andrieu, Doucet, and Holenstein 2010], which
are PMCMC methods for joint parameter and state inference, that is, the inference
of the joint posterior p(6, xo., | Y1.1). In other words, we now assume that the
SSM depends on parameters 6 ~ py(-) and we are interested in inferring them
together with the states x.;.

The joint posterior of the parameters and the states has the form

P(QI X0:n | ylzn) X K(G)(XO:n/yl:n)pG(e)z (29)

where the FK model now depends on the parameters 6 and satisfies for all 6,
that is,

K(G)(XO:n/yl:n) = p(xO'nz Yin | 9)

= M( ) (x xo HM (xk | xkfl)G]EQ)(xkflzxk)-

The superscripts by 6 in the transitions and potential functions of the FK model
signify that they may now depend on the parameters.

Algorithm @ details the PMMH targeting the FK model F IC(()(:? = (M((.))

0:n/
G(()iz) with N particles and M iterations, with starting value 8(°) and a proposal
distribution g for 6. Lines[IH3| constitute the initialisation of the algorithm, where
the initial trajectory X, (0 ) and initial normalisation constant Z(?) are obtained by

running the particle fllter (Algorithm [3) together with ancestor tracing (Algo-
rithm 5 with TRACEMETHOD = ANCESTORTRACING). The computation of Z(©)
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uses (20b), where the estimate p(y1.,) now implicitly depends on the value of
00 through the weights Wé:ln:N). Each iteration (lines then corresponds
to a Metropolis-Hastings step where first a proposal 8* for 6 is simulated from
g. Then, the proposed normalising constant estimate Z* and trajectory X;,, are

obtained from the output of the particle filter (Algorithm (3 ' targeting F IC(() n).
Finally, the joint proposal (6%, Z*, X5, ) is accepted or rejected based on the ac-
ceptance rate computed on line

Algorithm 9 PMMH(FK), N, M, 61, g)

1N 1:N
n 0:n )A((]n)l

(N
0:
50) BOn) — TRACEBACK(X(l N),W,Sl iN) A(()lnN)l,ANCESTORTRACING)

n’

(X ) PARTICLEFILTER(]-“IC0 m ) N)

1:

2: (

3: Compute Z(©) = p(ys.,) using W in (20B).

4: fork=1,2,...,Mdo

5: Simulate 9* ~q(-| o),

6 (XU, W) ANy PARTICLEFILTER(FKL, N)
7
8
9

O0:n 0:n 0:n—1
(X3, Bon) < TRACEBACK(X(l N W,Sl N), Aé:nf)l, ANCESTORTRACING)

Compute Z* = p(yy.,) using Wé:n )in (20B).
Simulate U ~ Unif(0,1).

Zp(07)q(0" V) | 6%)
260 p(etD)g(6" | 0D)’
11: if U < min(1, p) then

10: Compute p =

12: Set o®) = %, 20 = 7+, %) — %=

13: else

14: Set 00 = glk—1) 20 = 21 g®) _ glk-1)
15: end if

16: end for

17: return (9(13M)/ ”é};M)/Z(le))

The PMMH constructs proposals whose components are jointly either ac-
cepted or rejected on each iteration of the algorithm. In contrast, the PG algorithm
proposes changes to the trajectory and parameter individually by approximating
a Gibbs sampler. One iteration of a perfect Gibbs sampler would simulate from
p(0,X0. | y1.n) by simulating from the full conditionals of 6 and x.,,, as follows:

L 6% ~ p9|X0:nrY1:n (6 ‘ xO:Tl/yl:n)
2. xs:n ~ pXom\G,Ylm(xO:n | 9*/]/1:11)-

However, simulating from the full conditional of x.,, is typically difficult. The PG
algorithm works around this by approximating the draw from full conditional of
x0:n using the CPF (Algorithm [8). The resulting algorithm is detailed in Algo-
rithm The inputs consists of the FK model, amount of particles N, amount of
iterations M, a trace method and the initial value 6(?).

The first two lines of the algorithm correspond to an initialisation phase

(0)

where the initial trajectory X/ is obtained by running the particle filter, although
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Algorithm 10 PARTICLEGIBBS(F Kl N, M, TRACEMETHOD, 8(©))

On’

Xé . OlnN) A(()I,;N)l) — PARTICLEFILTER(]:/C(() o ") N)

: end for

: return (9(WM), Xé};lM))

L (

2: (X, 60,2,1? 0) TRACEBACK(X(1 N it N),A((J:ni)l,TRACEMETHOD)

3: fork=1,2,...,Mdo

4: Simulate 9( ) ~ Polxgmyrn | X k_l ,ym)

5 (Xéﬁz,B( )) <+ CPF- UPDATE(]-IC(()H N, ~(g’f,:1),Bg‘f),TRACEMETHOD)
6

7

in general XéfQ could also be provided as input. Each iteration (lines @ and 5) then

corresponds to a draw from the full conditional of 6, and the approximate draw
from the full conditional of x.,. If direct sampling from the full conditional of 6
is infeasible, line [ of the algorithm can also be changed to an MCMC move for 6
(such as a Metropolis-Hastings step) that leaves the full conditional of f invariant.

Under unbiasedness of the resampling (19), the PMMH and particle Gibbs
updates (single iterations of the loops in Algorithms [9] and leave p(0, x0.n |
Y1.x) invariant. This, together with additional mild irreducibility assumptions
[cf. Roberts and Smith 1994], yields the estimator

— Zh i) Xé?q M E[h(er XO:n) ‘ Yl:n - ylzn]/ (30)

for any N > 2 for both algorithms, where & is a function that depends on both 0
and Xj.;.



5 FILTERING CONDITIONALLY LINEAR GAUSSIAN
STATE-SPACE MODELS

This chapter discusses state filtering for conditionally linear Gaussian state-space
models (CLGSSMs) [cf. Sarkka 2013| Section 7.5; Doucet, De Freitas, and Gordon
2001, Section 24]. CLGSSMs are SSMs with latent states L., and observations
Y1., such that the state Ly consists of components Xj and Uy, thatis Ly = (X, Ug).
The latent states and observations are assumed to be related such that

X = T Xy + Ry U and Xo ~ N(pi, 2{H0)

Yk = Zlguk)Xk + 61((uk),

(31)

where qlgu’( )N (0, Q,(cuk)) and elgu") ~ N(0, H,Eu")). In other words, conditioning
on the sequence Uy., yields an LGSSM as in Section The dynamics of the
process Up., are assumed to be characterised by an initial distribution p;, and
transitions (py, |y, , (- | #k—1))1<k<n, thatis:

Uy ~ Puy
Uy | (Uk—1 = ug—1) ~ puju,_, (- | 4x-1)-
Here, we focus on the scenario where the variables Uy have a finite state-space U.

(32)

5.1 The Rao-Blackwellised particle filter

Suppose that we are interested in evaluating expectations of a function f involv-
ing the variables X; and Uy of the model defined by and (32), with respect to
the distribution p(xg., 4ok | Y1.¢)- We have

IE[f(Xk/ uk) ’ Yix = yl:k] - Z f(xkr uk)p(x():kr Uk ‘ yl:k)dxo:k

Xk+1
Uug UK

= ) pluox| y1:k)/ f (e, ur) p (x| ok Y1) A Xk,
U U +

(33)
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where we have used the factorisation

P(XO:kz Up:k ’ yl:k) = P(xO:k | uO:k/yl:k)p(uO:k | yl:k)'
)

Given an empirical approximation of p(ug.x | y1.x) with support points U(()fk and
(normalised) weights W(l), i=1,2,...,N,we could therefore estimate with

N, (i) (i (i
Y W /Xf (s Uy )Py U Y (B | U Y1) A (34)
i=1

Note that involves integrating with respect to the Gaussian distributions

PX, | Uy Y (XK | U(gf,)c, Y1) that can be computed analytically using the Kalman
filter (7) of Section The integral in can therefore be analytically com-
puted if the form of the function f permits this. Otherwise, numerical integration
methods such as Gauss-Hermite quadrature [cf. Sdrkkd 2013, Section 6.3] can be
used.

A Rao-Blackwellised particle filter (RBPF) [Akashi and Kumamoto 1977H
see also Sarkka 2013, Section 7.5] — also known as a ‘mixture Kalman filter’ [Chen
and Liu2000] — uses a particle filter to approximate the distribution p(uo.x | y1.x),
and the Kalman filter in the evaluation of the integrals related to the conditional
distribution of x; (or even x(.;) given ug.x and y;.. Similarly as in (18), the weights
of a particle filter targeting p(uo.x | y1.x) satisfy

W(l) . PYi | U Y11 (yk | u(()fl)c’ylikfl)puﬂukq(ulgl) ‘ ulggl)
k OO
qx( k | 1;k_1,y1:k)

where we have used the fact that Uy is conditionally independent from Y7,
given Uy_1, and gy is a proposal distribution for Uy that depends on the full his-
tory Uy.x—1 and (possibly) Y7..

Algorithm (11| details a basic RBPF targeting the model consisting of
and (32), using proposals qo., and N particles [cf. Sarkka [2013| Section 7.5]. The
RBPF is similar to Algorithm |1, with the latent states U sampled instead of Xj.
In contrast, however, the RBPF makes use of the analytical formulas available
for LGSSMs once Uy, is conditioned on. In particular, the weight computation
on line [9 and the update step on line [I0] make use of (9) and the Kalman filter
(7). The update step computes the mean and covariance S ,((l) of the distributions
PX | U Ye (X | Uéf])(, Y1) in for each i. The output of the RBPF may be there-

fore readily used to compute after normalisation of the weights WIELN).

wh, (3

5.2 The one step optimal proposal distribution

The choice of the proposal distribution go., input to Algorithm 11]affects the per-
formance of the estimator (34). When the state-space U of the states Uy is finite,

! Although this early form of the ‘RBPF’ was published before the first particle filter of Gor-
don, Salmond, and Smith [1993], it did not feature a resampling operation.
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Algorithm 11 Basic-RBPF(qq.,, N)

1: Simulate U(()i) ~qofori=1,2,...,N.

2: Compute Wéz) = puo(uél))/qo(uél)) fori=1,2,...,N.
3 SetUY = Ul fori=1,2,...,N.
4

: Set S(()i) = (Pl(()l‘éﬂ(l)),ﬁ(g'%"(l))) fori =1,2,...,N, where ;1(()7(})((’,)) = y(()ué])), and
5 ()
0"
5. fork=1,2,...,ndo
6: Simulate A]Elzl ~r( ] Wﬁi\l)) fori=1,2,...,N.
7 Simulate U,Ei) ~ qr(- | U,(ﬁ%zl),ykk) fori=1,2,...,N.

. (i) .
s SetU!) = (UM Uy fori=1,2,.. N

i i (A1)
ka|u0:lel:k—1 (yk | U](( )’ylzkfl)puk‘uk_l(ulg) | ukfli ! )

(uy))
0/0

)

9: Compute W,gi) = : a0 for
ae(U | U, y)
. i (i) (1)
1 = 1,2,. . .,N. Note that PYk‘ul):krylzk—l (yk ’ U]El)/ylik—l) = N(]/k,]/l(Uk ),Z(Uk ))l
where
(i) (U(i)) (U(l))
.u(Uk ) — Zk k Hk\kk—l’
U(i) - (U(i)) (U(i)) (u(f)) / (U(i))
zUD =z, Tk (2 ) HH
(i) (i)
with ‘uglj{"f i and ZI((T,JL i computed using (7):
(i
(U(i)) (U(i)) (U<fk*1>)
P = Te M1k
(i)
(U(i)) (u(l)) (U(i‘k—l)) (u(i)) / (U(i)) (U(i)) (U(i)) /
T =T S (T ) +RTUQT (R )
i (i) (i
10: ~ Compute S](cl) = ( I({Tik ),Z,((‘IIJ(“ ))) fori =1,2,..., N using y; and the update step
in (7).
11: end for

.1:N) W(l:N) A(l:N) S(1:N)

12: Return Ué s YWVom 7 A00—17 2P0
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an appealing candidate for the proposal distribution gg., can be formed from the
one step optimal proposals [Liu and Chen 1998; Akashi and Kumamoto 1977]

T (1 | U(()f;)(_yytk) 1= DU |Ugs_y, Yo (U | Uéf;)(_y]h;k)

o Pyiunerie s U | 1tk U k1) Pugu, (i | UL,

the unnormalised probabilities of which can be evaluated for all u; € U. Note

(36)

that the term py, iy, v, , (Vk | Uk, Uéf])(_l,ylzk_l) above can be evaluated as in line
9] of Algorithm When the proposals are used with Algorithm [IT} the
weights of the particles reduce to the normalising constant of as can be seen

from (35).

5.3 The discrete particle filter with optimal resampling

. A0
Line H of Algorithm [11|simulates a single outcome U,El) given the particle U,((_"l’l)

. . ()
for each i. Each new particle U,(cl) is then constructed by setting U,(cl) = (U,(ikl‘l),
(A(i) 1)

Ulgi) ), that is, combining the outcome with the ancestor particle Uk—kf . There-

fore, if the proposal for U,Ei) spans U, each U,((i) is chosen among |U/ | candidates.
To obtain a more efficient method, the proposal and resampling steps of

Algorithm [11) may be modified. This may be done by performing an ‘exhaus-

tive one step lookahead” at each time step, which constructs all possible ‘future

particles’ le(cuulN) based on the particles at time k — 1, U,({lfl\[), and then uses a
resampling step to select again N particles U,((LN) among IAJ](::'U'N). This explores

the state-space U/**! more effectively, since now each U,(cl) is chosen among |U/|N
candidates.

A method fitting the description above is known as the discrete particle fil-
ter (DPF) [Fearnhead 1998; see also Whiteley, Andrieu, and Doucet 2010]. Algo-
rithm [I2] details the DPF using N particles, targeting the model comprised of
and (32). The main difference to Algorithm [11]is that the DPF does not simulate
particles from a proposal distribution, but exhaustively constructs all possible
particles uéﬁ?{, i=1,2,...,|Dy| given particles that were chosen in the previous re-
sampling operation. The Kalman filter is then used to compute the filtered means
and covariances given each possible particle on line[I0).

Algorithm (12| uses a lowercase u for the particles to signify that they are
not simulated from a proposal; the only randomness in them comes from the
resampling operation, which occurs on lines The resampling corresponds
to the optimal resampling algorithm of Fearnhead and Clifford [2003]], which is
unbiased and optimal in the sense that it minimises a squared error loss function.
Furthermore, the algorithm guarantees that each resampled particle is unique.

Resampling occurs once the number of possible particles at time pointk —1,
|Dy_1]|, grows larger than the number of particles N, and entails computing a con-
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Algorithm 12 DPF(N)
1: Set Dy = U.
(@) (i) (i) (@) .
2 Setpys | = ui" ) and 50 = 5{" forallu € Do,i=1,2,...,|Dol.
(ufPoDy _ (,1PoD))
3: Set§y = (‘HO‘O ZO|O )
4: Compute W( N puo(u(()i)) fori=1,2,...,|Dy|.
( (1 D[)‘ ) ( 1|D[)D) (u 1‘D0‘ )
5: Normalise W to obtain W . Set Wy = W 0
6: fork=1,2,...,ndo
7: If |Dy_4| S N, set ¢x_1 = o0. Otherwise find c¢;_; such that
|Dg_1] w® )
Z min(1, cx_1 W, 01" ) = N. (37)
i=1
8: Maintain the Ly_; particles in Dy_; that have weights strictly greater than 1/c;_4
(‘maintained partition’). Use systematic resampling to select min(N, |Dy_1|) —
Ly_1 from the remaining |Dy_1| — Lx_1 (‘resampling partition’). Denote by D;Cil
the total min(N |Dy_1|) particles that remain.
9: Set Dy = Dk 1 X U.
() (i)
10: Compute y,(d ? and ZI(<|IS 9 for all u(();( € Dy, i =1,2,...,|Dg| using the Kalman
( 1‘D‘) ( 1‘Dk‘>)
filter. Set Sy = (Vk\k Zk|k ).
11: Compute
, 7700 1)
() : ~ Wi
W™ = v tton Uk | Yt 1w P, () [ ) : W
min(1, ¢ W, %)
fori=1,2,...,|Dgl
(M(L‘Dkl)) ( 1‘Dk‘>) - (14<1 ‘Dk‘ )
12: Normalise W, to obtain W . Set W, = Wk ok
13: end for
14: Return Do.,,, Wo.n, So:n
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stant, ¢x_1, satisfying (37). The value of c;_; acts as a cutoff for the weights and
divides the particles to two partitions: the maintained partition and the resam-
pling partition. The particles in the maintained partition are kept with their orig-
inal weights, and the particles in the resampling partition are resampled using
systematic resampling (Algorithm [2). An algorithm for computing the constant
cx—1 is presented in Fearnhead and Clifford [2003, Appendix C].

If resampling does not occur (that is, cx_1 = oo is set) all particles are main-
tained, that is, the resampling partition has zero particles. Note that in theory,
if N were set large enough, resampling would never occur and Dy would equal
U1 at time k, that is, all possible particles would have been constructed and the
results of the DPF would be exact.

The output of the DPF consists of the particles Dy.,, their weights Wy, and
the filtered means and covariances Sy.,. Fork = 1,2, ..., n, the estimator

1

) i i
) /Xf(xk, ul(c))pXHUo;k,Yl:k(xk | u(();;(/]/lzk)dxk (38)

D
Zk;| -
k

i=1

estimates and may be computed using the outputs Dy, Wy and Sy.

Typically, for k moderately large, | Dy| in will equal |U|N. If U] is large,
an approximation with just N particles may also be obtained by running the re-
sampling of Fearnhead and Clifford [2003] once more, to obtain N particles con-
sisting of the particles in the maintained partition (with original weights), and the
particles resampled from the resampling partition (with weights 1/c; each). An
estimate of the form may be then used with the particles and filtered means
and covariances corresponding to the particles output by the resampling.



6 RESEARCH CONTRIBUTION

This chapter summarises the research contribution of this thesis. We first discuss
the methodological contributions of Articles II and IV that develop new parti-
cle filtering methods. Then, we discuss the applied contributions of Articles I
and III that involve development of NSSMs, approximations and use of existing
methodology for NSSMs.

6.1 Methodological contributions

Article II: smoothing for general state-space models with ‘diffuse’ initial dis-
tributions

Article II focuses on the smoothing problem for general state-space models with
‘diffuse’ initial distributions, that is, models where the variability of the initial
distribution My in the Feynman-Kac model is high in comparison to the first
marginal smoothing distribution of the SSM.

For such models, direct use of the conditional particle filter (CPF) (Algo-
rithm [4) — even with the traceback implemented using the often efficient back-
ward sampling (Algorithm 7)) — leads to suboptimal mixing of the early state vari-
ables in the Markov chain. Intuitively speaking, this occurs since the initial parti-
cles drawn from the diffuse My will likely fall into unlikely (that is, low potential)
regions of the state-space and are thus rarely selected in the traceback. Figure
(adapted from Article II) shows how this phenomenon occurs even for a simple
LGSSM, the ‘noisy AR(1)” model:

xe ~ N(pxp_q,02) for1 <k <n—1and xg ~ N(0,07)

39
yk ~ N(xp, 07) for0 <k <n—1, (39)
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FIGURE 2 Figure adapted from Article II. Traceplots of the samples from the first
marginal smoothing distribution p(xo | Yo.,—1) of the noisy AR(1) model
with oy € {10,100, 1000}.

represented using the FK model

Mo() = N(0,03)

Mk(-|xk 1) N(,pxk 1,0 )for1<k<n—1
Go(x0) = N(yo; xo, o)

Gr(xk—1, x¢) = N (yx; x, 0, )for1<k<n—1

where p, 0y, 0y and 0y are parameters. To draw Figure 2, we set p = 0.8, 0y =
0y = 0.5 and iterated the conditional particle filter with backward sampling 6000
times with N = 16 for each oy € {10,100,1000}. A single data set with fifty
observations simulated from the model with the above parameters and xp =
0 was used in all simulations (see Article II for more details).

To avoid such problems, we introduce a new ‘auxiliary initialisation condi-
tional particle filter” (AI-CPF) that avoids direct sampling from the diffuse Mj.
Instead, we employ a Markov transition Q that is My-reversible. Such reversible
transitions are easy to define (see Section 3 of Article II). In particular, we focus on
the case where M) is an improper distribution, namely the uniform distribution
on R?, in which case Q can be a symmetric Gaussian random walk.

Furthermore, based on advances in the adaptive MCMC literature [Andrieu
and Thoms 2008} Haario, Saksman, and Tamminen 2001], we refine the AI-CPF
to allow for choosing the tuning parameters of Q automatically to facilitate ef-
ficient mixing. In the case mentioned above, with Q(- | x) = N(-;x,cX), our
adaptive AI-CPF tunes (i) the scale ¢ such that a desired target acceptance rate is
reached, and (ii) the shape X such that it converges to the covariance of the first
marginal smoothing distribution. We also demonstrate how the AI-CPF can be
readily embedded within a particle Gibbs algorithm (Algorithm [10) and provide
a target acceptance rate heuristic that eliminates the need for setting any tuning
parameters to use our method.
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FIGURE 3 Figure from Article IL. Traceplots for initial states (Ej, I;, R0;) and parameters
(0, p) of a stochastic SEIR model. Left: an adaptive variant of the developed
AI-CPFE. Right: a particle Gibbs algorithm that treats the initial state as a
parameter. See Article II for more details.

In our concluding example with an epidemic model (a stochastic suscep-
tible-exposed-infected-removed (SEIR) model) and a real data set, we observe
substantially better mixing compared to a particle Gibbs method that treats the
initial state as a parameter (see Figure 3)).

Article IV: smoothing for state-space models with weakly informative obser-
vations and/or slowly-mixing dynamic models

Article IV considers the smoothing problem for state-space models with weakly
informative observations and/or slowly-mixing dynamic models. Such models
arise for example with fine discretisations of continuous-time FK path integral
models [cf. Del Moral and Miclo 2000].

In this setting, the conditional particle filter with backward sampling (CPF-
BS) (Algorithm |8 with TRACEMETHOD = BACKWARDSAMPLING) and multino-
mial resampling suffers from two problems. First, with weakly informative ob-
servations, multinomial resampling introduces excess variance. Second, in the
case of a slowly-mixing dynamic model, the traceback using backward sampling
essentially degenerates to ancestor tracing (Algorithm [6).

Inspired by the recent findings in [Chopin, Singh, et al. 2022], we avoid the
issue with multinomial resampling by introducing two new ‘conditional” resam-
pling algorithms (briefly mentioned in Section that are suitable for the CPF
in the weakly informative context. We further provide a sufficient condition that
guarantees the validity of the CPF with a ‘generic’ conditional resampling algo-
rithm.

To address the degeneracy issue with backward sampling, we develop a
new ‘conditional particle filter with bridge backward sampling” (CPF-BBS) that
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FIGURE 4 Figure adapted from Article IV. Empirical comparison of the agreement of
the developed estimator PLU and PLU computed by iterating the CPF-BBS
for a particular SSM with varying parameters ¢ and numbers of particles
N. Each point depicts the values of PLU and PLU in a particular block of
the blocking sequence. The value on the horizontal axis parameterises the
blocking sequence used.

updates the latent states x.,, in ‘blocks” xt._,.1. fori = 1,2, ..., K during backward
sampling. The block bounds [T;_1, T;| are parameterised by a ‘blocking sequence’
0=To<Th <Tp <...< Tk = n specified by the user. The blocked updates
require that conditional densities related to the dynamic model can be evaluated
and sampled from. The CPF-BBS may be seen as a generalisation of the CPF-BS,
since choosing the blocking sequence Tj., = 0:n yields the CPF-BS.

The blocking sequence is an important tuning parameter of the CPF-BBS
that affects the mixing of the output Markov chain, and for efficient mixing, it
should be chosen based on the model of interest. To make this feasible in prac-
tice, we develop and empirically verify a computationally inexpensive heuristical
procedure for selecting the blocking sequence prior to iterating the CPF-BBS.

The procedure seeks for a blocking sequence that maximises the so called
‘probability of lower boundary updates” (PLU), which is equal to the probability
that the CPF-BBS update refreshes the value at a particular block lower boundary
T;—1. Based on our empirical results, PLU is inversely related to the integrated
autocorrelation time of the Markov chain. We develop an approximate estimator
for PLU, denoted by PLU, which may be evaluated without iterating the CPF-
BBS. Figure @ compares PLU to PLU computed by iterating the CPF-BBS (see
Article IV for more details).

Our concluding experiment applies the CPF-BBS to a smoothing problem
related to movement modelling (see Figure[5). The experiment models the move-
ment of an object that has a preference for moving in certain types of terrain. The
object has been observed at the blue crosses. The preference for terrain is mod-
elled using the potential functions of the FK model and is depicted in the back-
ground map. Here, there are a finite number of terrain types and the movement
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FIGURE 5 Figure adapted from Article IV. The green lines correspond to 250 trajecto-
ries simulated from the full smoothing distribution of the model that con-
ditions on the observations and the terrain preference. Blue crosses are ob-
served locations and the background map depicts the preference of terrain
with lighter meaning higher preference.

is constrained on land. The experiment demonstrates a substantial efficiency gain
over CPF-BS in the weakly informative regime (see Figure [6).

6.2 Applied contributions

Article I: predicting leukocyte counts using non-linear state-space models

Article I develops new NSSMs for predicting leukocyte (white blood cell) counts
of children diagnosed with acute lymphoblastic leukaemia (ALL). In the final
treatment phase of ALL, patients receive so called ‘maintenance therapy” for a pe-
riod of up to two years [Schmiegelow et al. 2014]. Maintenance therapy consists
of low-dose chemotherapy involving daily oral 6-mercaptopurine and weekly
methotrexate. The doses of these chemotherapeutic drugs are adjusted weekly or
biweekly based on a “target level” for the leukocyte counts of the patients, which
motivates the interest in the predictive modelling of the leukocyte counts.
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FIGURE 6 Figure adapted from Article IV. Top: Logarithm of the integrated autocorre-
lation time for the horizontal location of the object with respect to time when
the smoothing distribution shown in Figure |5| was simulated using CPF-BS
(black), hand-tuned CPF-BBS (blue) and CPF-BBS with blocking sequence
obtained automatically using heuristical procedure based on PLU (red). Bot-
tom: size of blocks with respect to time for the variants of CPF-BBS used.

The work of Jayachandran et al. [2014] developed a mechanistic model for
the leukocyte counts based on a compartment model of Friberg et al. [2002],
which is considered to be the ‘gold standard” approach for modelling the pro-
duction of neutrophils under chemotherapy [Craig 2017]. The models of Jay-
achandran et al. [2014] and Friberg et al. [2002] consists of a system of ordinary
differential equations.

We simplify these models and introduce noise in their dynamics, which
leads to state-space models that arise as approximations to non-linear stochas-
tic differential equations. One of our models features a stochastic volatility [cf.
Taylor 2007] type component that is used to incorporate the measured C-reactive
protein (CRP) to the model (see Figure [7). The CRP is a surrogate for a com-
mon treatment adversity, infections, which may affect the leukocyte counts. We
compare our models to the model of Jayachandran et al. [2014] using time series
cross-validation and find that our simplified models appear more robust and are
competitive in terms of the predictive performance.

The model estimation and prediction is an application of the extended Kal-
man filter discussed in Section 3.2} with maximum a posteriori estimates ob-
tained for the model parameters using numerical optimisation.

Article III: using presence-only citizen science data to estimate the number and
locations of animal territories

Article IIT is an ecological application that develops a modelling framework that
can be used to estimate the number and locations of animal territories using
presence-only citizen science data, under assumptions on the typical territory life-
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FIGURE 7 Figure from Article I. Mean leukocyte count and approximate prediction in-
tervals (50%, 90%) based on the fits of two non-linear state-space models
(top and middle) to the measured leukocyte counts (black points) of a sin-
gle patient during maintenance therapy. The horizontal axis shows the time
in days. The middle plot shows a model fit with the stochastic volatility
component and the top plot without. The mean from the model in the top
plot appears as a dotted line in the middle plot. The bottom plot shows the
log(x + 1)-transformed CRP measurements.

time and size. We apply the framework for identifying wolf territories in Finland.

In particular, our framework features a tracking model [cf. Goodman, Mah-
ler, and Nguyen [1997] that consists of a birth and death submodel for the appear-
ance and removal of the animal territories, and an observation submodel that
links the citizen science observations to the territories.

A key feature of our observation submodel is that it can account for tem-
porally and spatially varying observation intensities that are common for citizen
science observation processes. The model we develop extends the similar mod-
els of Sarkkd, Vehtari, and Lampinen and Vihola for multiple target
tracking by allowing for the spatial inhomogeneity in the observation model.

We apply the developed framework to analyse citizen-made observations
of wolves from April 2019 to March 2020 in Finland. The data come from a dig-
ital large carnivore observation database named “Tassu’ (see [Natural Resources
Institute Finland for some of the latest data).

We use the discrete particle filter (Algorithm discussed in Section
with approximate Kalman filter updates to infer the filtering distribution of the
number and locations of Finnish wolf territories in March 2020. The obtained re-
sults resemble those reported in the annual wolf population assessment by the
Natural Resources Institute Finland in March 2020 (see Figure8). This is promis-



FIGURE 8 Figure from Article IIl. Wolf territories (red) found by four model variants
(left to right) using a year of citizen-collected wolf observations from April
2019 to March 2020 in Finland. The polygons outlined in black are wolf terri-
tories found in the annual wolf population assessment of March 2020 by the
Natural Resources Institute Finland.

ing, since the wolf population assessments are expected to be quite accurate as
they are based on more data: citizen-collected observations, non-invasive genetic
samples, tracks of GPS-collared wolves and known wolf mortality.



7 DISCUSSION

This thesis consists of the methodological Articles II and IV that develop new
particle filters, and of Articles I and III that develop new NSSMs and apply them
in challenging practical problems.

The applications of NSSMs in Articles I and III analyse data sets of the type
that are increasingly common and important. In ecology and the environmental
sciences, for example, citizen science data are collected by volunteers at a global
scale that is unattainable by traditional research teams [Silvertown 2009]. In a
similar vein, clinical data and its statistical modelling hold great promise in pre-
cision medicine, where treatments and dosage tailored for the individual patient
are sought [Frohlich et al. 2018]. A common theme with citizen science data and
clinical data is that they both possess great future potential, but are generated by
processes that are often complex and noisy, complicating the use of the data in
practice. To unlock the potential in these data, the complexities need to be ac-
counted for by careful modelling of the data generating process. Articles I and
III demonstrate that NSSMs provide flexible tools for this: the developed NSSMs
in Article I model the individual responses of patients to chemotherapy, and the
model in Article III accounts for the spatially and temporally varying intensity of
citizen-collected wolf observations.

The (adaptive) AI-CPF of Article Il complements the literature on the infer-
ence of SSMs by providing an easy-to-use and efficient method for general SSMs
with diffuse initial distributions. To the best of our knowledge, the diffuse initial-
isation of state-space models has been mostly used in the context of LGSSMs [cf.
Durbin and Koopman 2012} Section 5]. The AI-CPF may be seen as an instance of
a general ‘pseudo-observation” augmentation scheme for particle MCMC [Fearn-
head and Meligkotsidou 2016], which is based on conjugacy between the associ-
ated probability distributions. In the context of diffuse initialisation, the AI-CPF
is simple to implement and use, since it is not constrained by conjugacy and does
not require the specification of the (tuning) parameters related to the conjugate
probability distributions. Instead, the AI-CPF relies on Markov transitions that
are reversible with respect to the initial distribution of the FK model. Further-
more, the adaptive AI-CPF uses adaptive MCMC methods to reduce the number
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of tuning parameters to a single target acceptance rate, for which a heuristic is
provided, as well.

The CPF-BBS introduced in Article IV is a conditional particle filter that is
efficient with SSMs that have slowly-mixing dynamic models and/or uninfor-
mative observations. These kinds of settings arise in particular with FK models
whose dynamic model corresponds to a fine discretisation of a linear SDE. Such
situations arise for instance with a log-Gaussian Cox process [Meller, Syversveen,
and Waagepetersen 1998] whose driving Gaussian process has Markov dynam-
ics, or with path-integral models [cf. Del Moral and Miclo 2000].

The CPF-BBS might find further applications in modelling animal move-
ment [cf. Johnson et al. 2008] or in so called ‘step selection analyses” that are con-
ducted to study for example animal resource selection [cf. Thurfjell, Ciuti, and
Boyce2014] based on telemetry data. In fact, the experiment in Figure 5| — where
the CPF-BBS excelled — is closely related to these fields. We suspect that it is
possible to elaborate the model behind the experiment (see Article IV for details)
and use the CPF-BBS within a method that does full Bayesian inference for the
location and velocity of the object (that is, the latent states) as well as the poten-
tial values for each terrain type, given the observed locations. In effect, this could
provide a simultaneous solution to the animal movement and resource selection
problems, and might lead to an appealing alternative to step-selection analyses.

From a high level perspective, both the AI-CPF and the CPF-BBS improve
the simulation performance in scenarios where the celebrated conditional parti-
cle filter with backward sampling (CPF-BS) works suboptimally. Furthermore,
a common theme in our developments has been the study of heuristics that can
be used to choose their tuning parameters. In our experiments in Articles II and
IV, the developed heuristics worked well ‘out of the box’, but it is important to
keep in mind that further tuning might be necessary in other applications, since
the heuristics are backed by empirical experiments rather than rigorous theory.
We think that the developed heuristics still provide important starting points for
tuning, which in general may be a non-trivial problem in the context of particle
MCMC methods.

Interestingly, the heuristics for both the adaptive AI-CPF and the CPF-BBS
are related to the probability of state updates in a conditional particle filter. In the
adaptive AI-CPF (see for example Algorithm 7 of Article II), the target acceptance
rate controls the desired probability of a change of the initial state, and in the CPE-
BBS the heuristic procedure attempts to maximise the probability of updates at
the block lower boundaries (PLU). Therefore, we suspect that investigation of
the probability of state updates in future works could yield interesting results
from the point of view of tuning a conditional particle filter. In particular, in the
context of the CPF-BBS, the developed estimator for PLU could possibly be used
for developing a criterion for choosing the number of particles such that a near-
optimal trade-off between computational load and statistical efficiency is reached
(see also the related discussion in Article IV).
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Prediction of leukocyte
counts during paediatric acute
lymphoblastic leukaemia
maintenance therapy

Santeri Karppinen?*, Olli Lohi? & MattiVihola?

Maintenance chemotherapy with oral 6-mercaptopurine and methotrexate remains a cornerstone of
modern therapy for acute lymphoblastic leukaemia. The dosage and intensity of therapy are based on
surrogate markers such as peripheral blood leukocyte and neutrophil counts. Dosage based leukocyte
count predictions could provide support for dosage decisions clinicians face trying to find and maintain
an appropriate dosage for the individual patient. We present two Bayesian nonlinear state space
models for predicting patient leukocyte counts during the maintenance therapy. The models simplify
some aspects of previously proposed models but allow for some extra flexibility. Our second model is
an extension which accounts for extra variation in the leukocyte count due to a treatment adversity,
infections, using C-reactive protein as a surrogate. The predictive performances of our models are
compared against a model from the literature using time series cross-validation with patient data. In
our experiments, our simplified models appear more robust and deliver competitive results with the
model from the literature.

Acute lymphoblastic leukaemia (ALL) is the most common cancer in childhood. In the Nordic countries, approx-
imately 210 children are diagnosed yearly and patients are treated with chemotherapeutic drugs according to
the ALL protocols of the Nordic Society of Paediatric Haematology and Oncology (NOPHO)'. The last phase of
the treatment, maintenance therapy (MT), continues until 2 to 3 years from diagnosis. During MT, patients are
treated orally with daily 6-mercaptopurine (6 MP) and weekly methotrexate (MTX).

Conventional MT starts with a standard 6 MP/MTX dose defined in the protocol. After initialisation of
treatment, the dosage of the cytotoxic drugs is adjusted to reach a degree of myelosuppression, reflected in the
NOPHO ALL-2008 protocol by targeting a leukocyte count of 1.5-3.0 x 10%/L, while keeping the neutrophil
count above 0.5 x 10°/L% Individual adjustments of 6 MP/MTX doses are necessary due to substantial interindi-
vidual variability in 6 MP/MTX bioavailability and cellular pharmacokinetics, and a narrow therapeutic index.

Finding the right 6 MP/MTX dosage may be challenging because there is a substantial delay before steady-state
response in the leukocyte count is reached. Furthermore, many other factors, such as infections, can cause leuko-
cyte fluctuations, and the dosage decisions during MT may be made by clinicians who have limited prior experi-
ence with 6 MP/MTX chemotherapy. Making the right decisions is crucial, as excessive dosage is associated with
acute toxicity® and the risk of second cancers?, whereas insufficient dosage results in poor treatment outcomes®”.

In this work, we develop statistical models for predicting leukocyte counts based on the doses administered
during MT. One motivation for our work is a potential future application, where predictive modelling would be
a part of a dosage decision support system, which automatically fits the model with data accumulated for the
patient so far. The system then provides the clinician with an interactive visualisation of the patient’s data, and
leukocyte count predictions under alternative future dosing scenarios. This offers the clinician an analytical look
on the data, and reassurance on her dosage decision. Ideally, the system could provide reliable predictions for
most of the patients, but the clinician’s expertise would remain essential for decision-making under exceptional
scenarios such as patients with rare genotypes that affect 6 MP metabolism or patients with an infection.
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for Child Health Research, Faculty of Medicine and Health Technology, Tampere University and Tampere University
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The scope of this work is in the development of the predictive models, and in the evaluation of their predictive
accuracies. We do not consider the implementation of the models into the clinical practice, or suggest alternative
dosing strategies. We focus on the mathematical modelling related to the prediction of leukocyte counts in the
context of ALL, but our developments may also be relevant outside this context, for instance in computational
personalised medicine regarding other myelosuppressive medication. Currently, there are two published works
where leukocyte counts during ALL MT are predicted®’. Here, we present two statistical models following a struc-
ture similar to the existing models, but instead of using ordinary differential equation models, we use nonlinear
Gaussian state space models'® that stem from analogous stochastic differential equations. Our models introduce
two simplifications, on the pharmacokinetic model for 6 MP'! and on the leukopoiesis model®'%. Our second
model, an extension of the first, incorporates C-reactive protein (CRP) measurements as a surrogate for infections
and models the effect of an infection as extra variation in (or discrepancy from) the leukopoiesis model.

Methods

The patient data were collected from historical medical records and consist of 23 patients under the age of 18
who had received MT under the NOPHO ALL-2000 or ALL-2008 treatment protocols at the Tampere University
Hospital in Finland. This registry study (R16527) was accepted by the director of the Science Center in the
Tampere University Hospital according to the local practice, and the data were anonymized before further analy-
sis. The treatment length per patient varies from 227 to 524 days, with most of the patients receiving MT for more
than 400 days. For each patient, the data contain the daily 6 MP dosage prescribed, as well as the leukocyte count
and the CRP measurements made typically during weekly or biweekly visits to the hospital or the laboratory. The
height and weight of each patient is also available at the start of MT. We used the Mosteller formula'® to calculate
the body surface area (BSA) for all patients during the treatment. The height and weight gain of the patients dur-
ing the treatment was estimated by interpolating median growth curves obtained from the Centers for Disease
Control and Prevention'’. Because the patients’ genders are not available in the data, average growth curves over
boys and girls aged under 20 years were used. For each patient, the interpolation was begun from the height and
weight values recorded in the data. The patientwise time series of the leukocyte counts, 6 MP, CRP and BSA are
in the Supplementary Dataset 1.

To compare the models, we use the root mean squared error (RMSE) and the mean absolute error (MAE). In
addition, we compute a% coverage probabilities, that is, CP, = % Ly, € 17} for av € {50, 90}, where y;
denotes observation number i and I{' denotes the a% probability interval for observation y;. This metric is used to
evaluate the ability of the models to quantify the uncertainty related to the point predictions. All of the metrics are
computed out-of-sample and in-sample.

The out-of-sample metrics are of most interest, as they are computed using data not used in the model fitting
and are directly tied to the predictive performance of the models. In a time series context, a natural way to com-
pute them is to use time series cross-validation'” (TSC). In a single round of TSC, we partition the data to a train-
ing set with data up to time ¢, and a prediction horizon immediately following the training set. The model is fit
using the training set and the observations that fall into the prediction horizon are predicted using the fitted
model. The training dataset is then augmented with observations in the prediction horizon and the process
repeats until the data have been exhausted. After TSC, we compute the metrics using the obtained predictions and
the corresponding observations. In the in-sample case, the metrics are computed based on model fits to full data-
sets by predicting all of the observations that were also used in the model fitting.

In the following subsections, we discuss the predictive models and estimation methods. We denote model
state variables with capital letters, and parameters and data values in lowercase. A glossary and details regarding
symbols used in the model definitions are also given in the Supplementary Tables 1-5.

Jayachandran et al. model (JM). The model from the literature, which we refer to as JM, is a joint
8-compartment model based on the work of Jayachandran et al.*!! The model consists of two submodels, the
first of which is the 3-compartment pharmacokinetic model'! for the metabolisation of 6 MP to red blood cell
6-thioguanine (TGNRBC):

X, /dt = kX, + d(t)
ko X

AX el 4t = kX — kX g — —m Ll
plasma ab“gut el“*plasma
k + Xplasmu
dX /d chkcmXplasmu k X
t = —— T )
fen me“*tgn
k + Xplasma (1)

The authors assume TGNRBC to be associated with the toxicity in the bone marrow due to 6 MP and hence
model the variable as a surrogate for the myelosuppressive effect of 6 MP. The dataset in the article contained the
administered 6 MP doses and the measured TGNRBC concentrations. The compartments X, and X, repre-
sent 6 MP in gut and plasma, X, , is the TGNRBC compartment, d(t) is the dose input at time ¢ and the remaining
symbols are parameters. The functional form of d(t) was not given®''. Hence, we assume d(t) equals zero unless a
dose is given exactly at time t.

The second submodel is the leukopoiesis model by Jayachandran et al.®, which is a modification of the widely
used 5-compartment model introduced by Friberg et al.'>. We detail the model for log-transformed state variables:
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ds/dt = Kne— P . mXion
p’ + exp(L) ecso T Xign
dcWidt = k,exp(S — Cc) — k,,
dc®rdt = k,exp(CV — C?) — k,
dc®rdt = k,exp(C? — C®) — k,

dL/dt = Kk, exp(C® — L) — k. )

tr

Here, the state variables form a maturation chain from stem cells (S) to leukocytes in circulation (L) through three
maturation phases denoted by the compartments C, i = 1, 2, 3. TGNRBC (X gy) is assumed to diminish the
rate of stem cell production. The remaining symbols are parameters.

As no information regarding the initial values of (1) or (2) is given®'!, we assume that the patient’s system
starts in a steady state where no change in the cell concentrations is occuring initially. The steady state initialisa-
tion is obtained by setting the time derivatives at the start of the treatment (time zero) to zero. This is achieved by:

k;r[mx ]
L(0) = log(p) + log|—— — 1|/v
tr
Cc0) = log(k;) — log(k,) + L(0)
8(0) = c0) = c®(0) = c0), 3)

whenever k,, < k,;**. Furthermore, we assume no 6 MP or TGNRBC exists in the patient’s system at the begin-
ning of MT, i.e. X, (0) = X, 501a(0) = X,,(0) = 0.
The log-leukocyte count measurements of a patient, (), observed at times t,, are assumed i.i.d. with

Gaussian errors:

I ~ N(L(t, 0, dy.0)s o) (4)

where L(;, 6, d, ;) is the solution of the state variable L at time #,, dependent on patient specific parameters 0 and
administered doses up to time index k, d, ;.

2-compartment model (TCM).  Our first model, denoted TCM, can be seen as a K-PD model'®. TCM has
a structure similar to that of JM, which it simplifies in two ways.
First, the pharmacokinetic model (1) is replaced with the pharmacokinetic model

M) _ €1gnd(0)

dt "d(t) + h EmeM(). ()

The model reflects changes in the cytotoxicity induced by 6 MP, M, in response to the 6 MP dose administered
to the patient. The value of M models the direct effect of chemotherapy, and is the counterpart of the term %
in (2). The value of the drug input function at time ¢, d(t), equals the last 6 MP dose administered during Ltjlole lalés"x[
24 (T;,,) hours normalised by the patient’s BSA, and zero if no dose was given. While this leads to noticeably dif-
ferent behaviour compared to (1) in the hourly time scale, the average daily behaviour of M(t) remains very
similar to that of X, . A similar observation is made by Le et al.’, who note that varying T, does not have a
strong influence on the concentration of TGNRBC in a prior pharmacokinetic model introduced by Jayachandran
et al.®, which is very similar to (1). Like the pharmacokinetic model of JM, (5) concentrates on the cytotoxic effect
of 6 MP, and does not include MTX. We return to this matter in the discussion.

The parameterse,,, and h play roles similar tok,,, and k in (1) as is evident from the similar functional form of
(5) and the differential equation for Kign- Furthermore, the parameter k,,, is equivalent in (1) and (5).
Jayachandran et al. reported a very high posterior correlation between the parameters k,,, and k,, in (1) ''. We
incorporate k,,, into the first term of (5) as this reduces the correlation between k,,, and e, ,,. The simplified form
of (5) is motivated by simulation and parameter estimation, which reveal that the functional form of (5) is flexible
enough to match solutions of X,,, when most of the parameters in (1) are fixed as in the analysis of Jayachandran
etal.

The second simplification concerns the leukopoiesis model (2), which is replaced with a stochastic differential
equation analogue of the equation for S:

tgn

L, = |k —— M, — Kk |dt + 0,dB®,

t pl o+ exp(L)" t L L%t )
where BI(L) is the Brownian motion and the parameter o7 is the leukopoiesis standard deviation. The parameter k,,
in the equation for § is substituted by the leukocyte elimination rate k; in (6), as (6) is a model for leukocyte
counts. The leukopoiesis model (6) eliminates the cell maturation chain in (2) and models the effect of chemo-
therapy directly on the leukocytes in circulation. Unlike in (2), the drug effect is linear.
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To obtain the state equation of TCM, (7), we solve the piecewise linear differential Eq. (5) at each interval
[t_p t) with the initial condition M(#,_,) = M, _,, and apply the Euler-Maruyama discretisation'” to (6), which
results in

e, dF s
tgn 1 tn 1
M, = [M,_,— ngA— exp(—k,, At) + ;A—
de”> de”>
L = Lo+ Aglkm 2 Mk |+ o fARC
k k-1 k[ T epl ) -1~ Ky 1 At G )

whered?S) = d(t,_ ), At, = t, — t,_,and ( are standard normal random variables for all k. Initial distributions

M, ~ N(0, 0)and L, ~ N(I;, 0.5) are assumed for the state variables.
The log-leukocyte counts are related to the state variable L with the observation equation

I = Ly + % % ~ N(0, 02,0).- (8)

2-compartment model with incorporated CRP (TCM-CRP).  Our second model, denoted TCM-CRP,
is an extension of TCM, where the leukopoiesis standard deviation oy is inflated in case of infection, for which the
patient CRP measurements are taken as a surrogate.

TCM-CRP appends the state Eq. (7) with a third equation concerning an additional state variable, V, the level
of infection. We model V using an Ornstein-Uhlenbeck process:

dv, = [0, Vdt + 0, dB, V, = v, )

ou 't

where t denotes time, B, (") is the Brownian motion, and 0,,, and g, are parameters. Conditional on the previous
value in the series, Vin (9) is Gaussian'®, which leads to the followmg state equation:

V=V e L 0, (26,) e Oy [ 20, A _ 1, (10)

where k denotes the index of the time point and 5, are standard normal random variables for all k. The only mod-
ification to (7) in TCM-CRP is that o is set to depend on V; and parameters o, and B, by

(Vo) = o7 exp(B,, Vi), (11)

making TCM-CRP a stochastic volatility type model. The state equation for TCM-CRP then consists of (7) mod-
ified with (11), and (10). The distribution of V/ is set to the stationary distribution of (9),

2
ou
20,

ou

N|o0,

and the distributions for M, and L, remain as in TCM.
Finally, TCM-CRP incorporates the log(x + 1)-transformed CRP measurements, v}, into the observation Eq. (8)
by setting

Vk + ;,LYP) gkt'P N(O crp) (12)

Naive mean model (NM). The fourth model we consider is a naive mean model (NM), which assumes that
the leukocyte counts are i.i.d. and follow the normal distribution N(y a2, This model is an oversimplification,
as it does not take into account the dosage given to the patient. Hence, we consider NM as a baseline for the mod-
els TCM, TCM-CRP and JM, and not as a realistic model candidate for predicting leukocyte counts.

Estimation methods. To estimate the parameters of the models TCM, TCM-CRP and JM, we use maxi-
mum a posteriori (MAP) estimation, where the posterior density

pBly) o< p(y|O)p(), (13)

is maximised with respect to the logarithm of the free parameters, 6, in the model. In (13), y denotes the dataset
for a single patient.

The value of p(y|6) in (13) for JM and a given 6 stems from (4). We use the Rosenbrock23 method'? of the
DifferentialEquations.jl package® in the Julia programming language®' to solve the systems of differential equa-
tions. The predictions for JM are obtained by estimating the free parameters with data up to time indexk, y, ,,and
solving the resulting system of differential equations on the interval[f, , ,, #, . hy S whereh,; denotes the length
of the prediction horizon.

To compute p(y|6) and the predictions for TCM and TCM-CRP, we use the extended Kalman filter (EKF)
which is an approximate method for computing the filtered state distributions for state space models with nonlin-
ear dynamics in the state and observation equations'***.

pred
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2 weeks 4 weeks

TCM TCM-CRP ™M NM TCM TCM-CRP M NM
CP;, 0.457 (0.13) 0.442 (0.13) 0.421(0.13) 0.514 (0.15) 0.443 (0.15) 0.428 (0.14) 0.402 (0.15) 0.507 (0.15)
CPy, 0.795 (0.11) 0.787(0.11) 0.761 (0.14) 0.873 (0.09) 0.767 (0.13) 0.759 (0.13) 0.722(0.17) 0.863 (0.09)
MAE 0.860 (0.33) 0.870 (0.35) 0.964 (0.42) 0.986 (0.43) 0.896 (0.34) 0.914 (0.38) 1.016 (0.45) 1.001 (0.44)
RMSE | 1.232(0.51) 1.244 (0.53) 1.387 (0.66) 1.308 (0.57) 1.278 (0.55) 1.309 (0.64) 1.430 (0.68) 1.326 (0.59)

Table 1. The out-of-sample metrics for the models (TCM, TCM-CRP and JM) and the baseline model NM with
both of the prediction horizons: means of coverage probability (CP), mean absolute error (MAE) and root mean
squared error (RMSE). Standard deviations are in parentheses. Similar means are obtained if the metrics are
computed modelwise without considering the patients separately.

In all maximisation problems, we assume the joint prior distribution p(6) in (13) consists of vague independ-
ent N(0, 10) distributions for each free parameter. The Nelder-Mead method?*** in the Optim.jl package® is used
for the computation.

To estimate the parameters of the model NM, we compute the sample mean and variance of the leukocyte
counts.

Results

With JM, we attempted to reproduce the analysis of Jayachandran et al.®'' as accurately as possible and hence
estimated parametersk.,, in (1) and k., k)™, k;, 7 ande,,,, in (2). These parameters were found to have the great-
est influence on the fitted values of JM’s submodels in sensitivity analyses conducted in both articles*!!. In addi-
tion, the parameter g, was estimated. The remaining parameters were fixed to the values reported by
Jayachandran et al.

With TCM, the parameterse,,, h, k)", k; and o, were estimated. The common parameters with JM, k,;** and
k;, were estimated, but we fixed 7 to a value reported by Jayachandran et al.?, because estimating it resulted in fits
with oscillating behaviour not visible in the datasets. Furthermore, we estimated the leukopoiesis standard devi-
ation oy, but fixed the measurement standard deviation gy, to a literature value of 0.057 for the accuracy of
measuring neutrophil counts®. The remaining parameters, k,,,, and p, were fixed to the same values as in JM. The
discretisation At, was set to 0.25.

TCM-CRP was treated similarly to TCM, with the parameter o} as the equivalent of 0. However, to maintain
the same amount of free parameters as in TCM, we fixed the additional parameters g, 0, 0, and (3. As the
coefficient of variation for measuring CRP at 3.5mg/l is close to 10%*” and log(x + 1) ~ log(x) whenx > 3.5,
we fixed Op = 0.1 (note that if X ~ N(y, o), ¢ > 0and o? sufficiently small, then log(X) ~ N(log(u), (ol )
approximately). The remaining parameters, ¢, = (a,,, 0, 3,,), were fixed to estimates obtained by maximising
the objective

me

w

16, 6,)p(6;, 6,
U P(,'V,‘ > Ov)p( v) (14

with respect to (6, 0,, ..., 0,3, 0). In (14) each patient is indexed with i; y and ¢, denote the dataset and the
parameter vector of the free parameters in TCM for patient i. The joint approach for obtaining an estimate of 6,
was motivated by the fact that if ¢, were estimated individually for each patient, inadequate estimates of 3, were
obtained for patients with mild or no infections during their treatment.

For all models, TSC was carried out such that the first training dataset for each patient was set to contain the
first 8 weeks of the patient’s data. In one case however, the first 8 weeks contained only one measured leukocyte
count, and hence the first training set was extended to include two observations. For all models, TSC was run
twice, with a prediction horizon of two and four weeks. The TSC schemes were completed successfully for the
models TCM and TCM-CRP. With the two and four week schemes of JM, there were 31 and 19 TSC rounds where
optimisation did not converge or prediction failed with a solver error. The patients who had at least one conver-
gence or prediction failure during TSC with any horizon were 1, 4, 6, 7, 8, 11, 12, 20 and 22. Furthermore, when
the models were fit to the full datasets, the optimisation of the parameters of JM did not converge for patient 6. In
the summary tables that follow, the problematic TSC rounds and fits have been removed prior to computing the
metrics. In the patientwise listings, these have not been removed.

The out-of-sample metrics with both of the prediction horizons are given in Table 1. The tabulated values are
means over the metrics computed for each patient (underlying data available in the Supplementary Dataset 2). To
compute the values, the logarithmic scale predictions of the models TCM, TCM-CRP and JM have been trans-
formed to the linear scale. In the table, the means of RMSE and MAE suggest that the point predictive accuracies
of TCM and TCM-CRP are slightly greater than the predictive accuracy of JM regardless of the prediction hori-
zon. The baseline model NM performs surprisingly well and is roughly as accurate as JM.

The widths of the predictive probability intervals are closer to their target values for TCM and TCM-CRP than
JM: in the case of the two week horizon, we observe discrepancies of 4-6% vs. 8% for CP5, and discrepancies of
10-11% vs. 14% for CPy,. The respective discrepancies increase to about 6-7% vs. 10% for CPs, and 13-14% vs.
18% for CPy), when the horizon is extended to four weeks. The models TCM, TCM-CRP and JM underestimate
the width of the intervals. This is likely a consequence of using MAP estimation, which does not account for
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Figure 1. The patientwise out-of-sample mean absolute error for the models (TCM, TCM-CRP, JM) and the
baseline model NM (top), and the relative error with respect to JM (bottom). The black line in the bottom plot
depicts the line of equal predictive accuracy with JM. The out-of-sample values are from time series cross-
validation with the two week prediction horizon. Each model is represented by a color. The patients have been
ordered with increasing mean MAE over the models.

TCM TCM-CRP M NM
CP;, |0.571(0.08) 0.572 (0.08) 0.545 (0.07) 0.583 (0.11)
CP,, |0.904(0.03) 0.906 (0.03) 0.904 (0.03) 0.921 (0.03)
MAE | 0.795(0.31) 0.800 (0.31) 0.812 (0.32) 0.924 (0.36)
RMSE | 1.195 (0.56) 1.203 (0.57) 1.199 (0.56) 1.304 (0.58)

Table 2. The in-sample metrics per model: means of coverage probability (CP), mean absolute error (MAE)
and root mean squared error (RMSE). Standard deviations are in parentheses.

the uncertainty in the model parameters. A more accurate representation of the uncertainty in the predictions
could be obtained for example by using Markov chain Monte Carlo methods® that produce samples from the full
posterior.

The predictive metrics are examined further in Fig. 1, which plots the patientwise MAE of the models in case
of the two week prediction horizon. The plot shows that for most of the patients, TCM and TCM-CRP deliver pre-
dictions that are 5-20% more accurate than those of JM. For patients 7 and 15, however, the prediction accuracy is
25% and 35% better, respectively. Compared to TCM and TCM-CRP, JM performs slightly better for patients 11,
14, 21 and 4, who favour JM by 5-12%. In 13 cases out of 23, the predictive performance of JM appears better than
that of NM. The figure with the four week prediction horizon, with similar findings, is given in the Supplementary
Fig. 1.

Table 2 (underlying data available in the Supplementary Dataset 3) shows the in-sample metrics. The
in-sample RMSE and MAE are computed between the ‘fitted mean® and the observed leukocyte counts. For TCM
and TCM-CRP, we refer to the fitted mean as the exponentiated filtered mean of the state variable L obtained by
first estimating the model parameters from the patient’s full dataset and then running EKF with all leukocyte
counts set to missing, conditional on the estimated parameter values. For JM, the fitted mean is simply the expo-
nentiated solution of L conditional on the parameter vector estimated from the full patient dataset, and for NM,
the fitted mean is the estimate of /¢ . The in-sample means of RMSE, MAE and the coverage probabilities are very
similar for JM, TCM and TCM-CRP, with JM reaching a slightly better value for CPs,. As expected, the point
predictions of TCM, TCM-CRP and JM are better than those of NM.

For many patients, the in-sample fits of JM exhibit oscillating behaviour, which by visual inspection is not
present in the datasets. An example is shown in Fig. 2, which plots the fit of JM with TCM. In contrast, the fit of
TCM is smoother and only captures the average behaviour of the leukocyte counts. See Supplementary Figs. 2-24
for graphical comparisons for all of the patients. The fits of the models TCM, TCM-CRP and JM to the full patient
datasets are also given in the Supplementary Dataset 4.

Inspecting the predictions made during TSC in a similar manner, we found that the weaker out-of-sample
metrics for JM are partly explained by the fact that for many patients, the model produces unstable predictions
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Figure 2. The models TCM (top) and JM (bottom) fit to the full dataset of patient 20 with time in days on the
x-axis and leukocyte count on the y-axis. The fitted mean is the black line and probability intervals (50%, 90%)
are plotted in green. The 6 MP dosage for the depicted patient was intensified incrementally to 50 mg during

the first 200 days of treatment. After this, no dose was given for approximately 20 days. The dosage was then
incrementally intensified back to 50 mg until treatment day 275 and kept constant until the end of the treatment.
Further dose intensification was not possible due to low neutrophil counts.

: .
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Figure 3. Predictions for patient 7 at each round of time series cross-validation with the four week prediction
horizon for the models TCM (top) and JM (bottom). The plot for JM lacks predictions for treatment days
275-350, since the differential equation solver could not solve JM conditional on the parameter estimates found
during optimisation. The 6 MP dosage for the depicted patient was intensified incrementally to 62.5 mg during
the treatment. The dosage was not intensified further due to low neutrophil counts.

especially in the beginning of the treatment when only a few measurements are available for parameter estima-
tion. Figure 3 shows an example of this by plotting the predictions of J]M and TCM from cross-validation with the
four week prediction horizon. Here, the predictions of JM appear unstable until treatment day 175 while the pre-
dictions of TCM appear more consistent. The unstability is unfortunate, since in the beginning of the treatment
there is a lot of uncertainty in how the treatment will affect the patient. Hence, good predictions in this period of
treatment are particularly important. The figure also shows some of the estimation problems we faced with JM,
since the differential equation solver was unable to make a prediction for treatment days 275-350. The similar
figures for all the patients are shown in the Supplementary Figs. 25-47.

Based on Table 1 and Fig. 1, there appears to be little difference between the out-of-sample metrics of TCM
and TCM-CRP, with TCM reaching slightly better values than TCM-CRP. However, TCM-CRP has an interesting
property that is not visible in the predictive metrics. This is showcased in Fig. 4 where the fit of TCM is compared
to that of TCM-CRP in the case of a patient with infections during the treatment. Here, accounting for the infec-
tion induced variability in the leukocyte count results in narrower probability intervals for TCM-CRP, when
infection is not present. Furthermore, when compared to TCM, the fitted mean of TCM-CRP is slightly shifted
away from leukocyte counts measured during infection, indicating that the model is downweighting observations
that occur during infection.
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Figure 4. The fit of the models TCM (top) and TCM-CRP (middle) to the dataset of patient 4. The log(x + 1)
-transformed CRP measurements are shown at the bottom. The dotted line in the plot for TCM-CRP is the fitted
mean of TCM.

Discussion

In this work, we present two Bayesian nonlinear state space models, TCM and TCM-CRP, for predicting leuko-
cyte counts during ALL MT. A predictive comparison between the models, and the model from the literature,
JM, is then carried out. In prior works, predictive models for leukocyte counts during ALL MT have not been
compared against each other according to their out-of-sample predictive performance. We argue that the devel-
opment of predictive models should be guided by model comparison using out-of-sample metrics. Whenever
possible, predictive models can also be validated by relating properties of the models to values available in the
clinical literature. An approach like this was recently undertaken in a similar work® related to acute myeloid leu-
kaemia, where leukocyte count recovery times were used to discriminate between model candidates with similar
predictive power.

The best-performing model according to our results, TCM, simplifies the model from the literature, JM, in
the pharmacokinetic and the leukopoiesis model, and delivers a prediction accuracy competitive with JM. The
simplification in the pharmacokinetic model results in a focus on the daily behaviour of the cytotoxicity induced
by 6 MP, which is in contrast with the pharmacokinetic model of JM that models the pharmacokinetics in the
hourly granularity. We believe that such a fine time scale is unnecessary, when predictions are required on a daily
or weekly basis, as in the present application. Similarly, the simplification of the leukopoiesis model changes the
focus from the daily granularity to the weekly, which is justified since the leukocyte counts are typically measured
at this rate. Despite these simplifications, we argue that TCM still captures the most important features of the phe-
nomenon: the effect of 6 MP on the level of cytotoxicity, and the effect of the cytotoxicity on the leukocyte counts.
The simplifications also reduce the number of parameters to be estimated, which allows for robust estimation of
the model with sparse clinical datasets.

In our experiments, we found that JM was difficult to estimate reliably with our heterogeneous dataset and
we had issues with optimisation and prediction. In absence of better initial values for the parameters, we used
the estimates reported by Jayachandran et al.>!!. If these estimates are far from adequate for the patients in our
dataset, they can play a role in the estimation problems. However, in general almost any variation of the model
we attempted to fit during the process of preparing this work had estimation problems for at least some patients.
Perhaps related to the estimation problems, the computation time to produce the cross-validation results with
the two week prediction horizon, for example, was roughly hundredfold for JM compared to that of TCM
(16.55hours vs. 0.15 hours).

A comment by a reviewer led us to realise that the initial values of the state variables of the JM leukopoiesis
model seem to play a significant role on how the model performs. When we initialised them by estimating a com-
mon value for every state variable, there were less TSC rounds with convergence or prediction issues. However,
this initialisation resulted in a lower predictive accuracy than the model presented, and hence we chose the steady
state initialisation. Lately, the impact of the initialisation has also been noted in a similar work®’, where models
similar to the JM leukopoiesis model were investigated. It is possible that the alternative initialisation strategies
found in the work might further improve the performance of JM.

Another noteworthy point regarding JM is that Jayachandran et al.*'! had additional TGNRBC measurements
in their dataset, which our dataset does not contain. Fitting the model without these measurements might have
implications for the identifiability of the model, and hence the observed predictive performance. Furthermore,
the dataset of Jayachandran et al.'' contains adults, and the pharmacokinetic profiles of adults and children differ.
Allometric scaling® could improve the model, and allow for more immediate interpretation.
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The baseline model NM was found to perform on par with JM and have point predictive metrics not far from
those of TCM. This is surprising, as the model does not account for the dosage administered to the patient. We
suspect that the success of this over-simplified model might be explained by our data, where for many patients,
the treatment was successful and the leukocyte counts were centered around a common value, which makes their
mean a relatively good prediction. With data having little variation in the leukocyte counts and/or dosage, it is
difficult to improve the predictive performance.

The model TCM-CRP extends TCM by incorporating C-reactive protein (CRP) measurements into the model
as a surrogate for infections. To our knowledge, TCM-CRP is the first model to attempt the inclusion of infection
information to a leukopoiesis model. In our dataset, 65% of the patients have at least one infection during their
treatment (by counting patients who have at least one CRP measurement greater than or equal to 10 mg/L), high-
lighting the prevalence of infections in MT. Furthermore, as there is an evident relationship between CRP and the
leukocyte count (see Fig. 4), we argue that infections should be accounted for in ALL MT predictive modelling. In
previous works, patients with infections during the treatment have been excluded from analysis®’.

Figure 4 shows a promising fit of TCM-CRP, but in general the parameter estimates computed for the model
during TSC were similar to those of TCM, leading to similar predictions. This is likely because the state variable
V in TCM-CRP does not directly influence the mean of the state variable L, but controls its variability instead.
We modelled infection this way, because the relationship between CRP and the leukocyte count appears hard to
predict: at least in our data, elevated CRP seems to be associated with both increased and decreased leukocyte
counts, with no apparent pattern. This is not surprising, since it is well known that CRP is nonspecific and can
exhibit variable behaviour in different kinds of inflammatory states. Hence, our modelling strategy for infections
did not aim to utilise CRP as a regressor (or predictor) for leukocyte counts, but rather to improve the robustness
of the model against infections by downweighting the outlying leukocyte counts when CRP is elevated. Our hope
was that this would result in a model that better predicts data measured when no infection is present. Based on
the obtained results, this was not entirely successful, perhaps due to the proposed Ornstein-Uhlenbeck model
and possibly the functional form of o, being inadequately specified. The approximate nature of EKF can also
play a role here, and better results for TCM-CRP could possibly be obtained by using more accurate estimation
methods, such as particle Markov chain Monte Carlo®'.

The existing models predicting leukocyte counts during ALL MT use ordinary differential equation models®’.
In contrast to that approach, the nonlinear state space models we use allow for additional stochasticity in the state
equation of the model, which we believe helps account for unmodelled variations in the data more accurately.

The leukopoiesis models of Jayachandran ef al.® and Le et al.’ extend the well-known 5-compartment struc-
ture introduced by Friberg et al.'?, for 6 MP (and MTX). It is worth mentioning that the chemotherapy drugs
considered by Friberg et al. do not include 6 MP (or MTX), and are given in pulses, which is in contrast with the
continuous low-dose administration of 6 MP in ALL MT. This may explain why our simpler one-compartment
leukopoiesis model provided an improved predictive model in our experiments, and suggests that the commonly
used 5-compartment model might not be optimal for all applications.

Little is known about the adequacy of pharmacokinetic models of 6 MP too, as datasets with recorded 6 MP
doses and metabolites are rare and sparse, making model validation difficult. We are only aware of the works of
Jayachandran et al.>'! and Hawwa et al.’”> where the dataset contained data on both administered 6 MP doses
and TGNRBC. Furthermore, out-of-sample model comparison was only performed by Hawwa et al. Although
TGNRBC was previously found to be associated with myelosuppression®, later research has shown TGNRBC
to be only weakly related to levels of DNA-thioguanine (TGNDNA), the main mediator of the cytotoxicity of 6
MP?*. Hence, modelling TGNRBC as the end point of the pharmacokinetic model might not provide optimal
predictions when the model is used in conjunction with a leukopoiesis model.

Recently, there has been increased interest in TGNDNA, as a study has found higher TGNDNA concentra-
tions associated with improved relapse-free survival® and dosage could potentially be guided better by monitoring
TGNDNA concentrations, as factors such as age, ethnicity and time of year confound the leukocyte counts®>*.
However, to our knowledge, pharmacokinetic models for 6 MP with TGNDNA as the end point have not yet
emerged and present an interesting prospect for future research regarding predictive modelling in the context of
ALL MT. Moreover, if data with TGNDNA concentrations and leukocyte counts were available, the modelling
framework of nonlinear state space models used in this work could readily incorporate the metabolite measure-
ments into the model, and would in theory allow for the simultaneous prediction of the leukocyte count and the
TGNDNA concentration, providing the clinician with extra information for decision-making.

In this work, we considered modelling the leukocyte counts based on 6 MP dosage only. We did not attempt
to include MTX into our models, because the 6 MP and MTX dosages are strongly linked in our data, making
reliable estimation of a joint model difficult. The concurrent work of Le et al.” incorporated patient MTX doses
into their leukopoiesis model. While a comparison of the model to a model without MTX was not shown, incor-
porating MTX is likely an important step forward in ALL MT predictive modelling. However, we note that the
rationale of MTX dosage in ALL MT is mainly that the drug increases the bioavailability of 6 MP*"-*%, and only
partially the cytotoxic effects of the drug itself. Hence, rather than incorporating the metabolites of MTX into the
functione;,, o 45 Was done by Le et al., our intuition is that the MTX metabolites should rather be a covariate in the
pharmacokinetic model for 6 MP, perhaps related to the value of the parameter e, in (7) or similar in another
model.

Another interesting work in the literature is the work of Hawwa et al.’?, who investigated population phar-
macokinetic models for 6 MP. The authors incorporated patient thiopurine methyltransferase (TPMT) genotype
and BSA as covariates into their model and found that both variables reduced the interindividual variability in
the model parameters significantly. We did not include the TPMT genotype to our pharmacokinetic model as the
data were missing for 13 of the 23 patients, and of the remaining patients, 9 were of TPMT wildtype, only one was
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TPMT heterozygous and there were no TPMT homozygotes. Hence, with the current data available, our model
is representative of patients who are of TPMT wildtype, the genotype that covers 86-97%’ of the population.

Combining our work with the work of Le et al.” and Hawwa et al.*?, it is possible to envision a model with the
important covariates taken into account, improving the leukocyte count predictions. However, availability and
sparseness of datasets remains a problem. Further improvements to the predictive performance could likely be
obtained with hierarchical models linking the parameter vectors of the individual patients with hyperparameters.
Such joint modelling has, to our knowledge, only been conducted in the context of ALL MT by Hawwa et al. with
their pharmacokinetic model. In the course of preparing this work, we attempted to fit such models, but faced
unresolvable computational problems likely due to the lack of 6 MP metabolite measurements in the dataset.
Simpler joint models assuming the same values for a subset of parameters across patients were estimatable, but
did not produce better predictive results than fitting the models to each dataset individually, likely due to the high
interindividual variability in the parameters.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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Abstract

Conditional particle filters (CPFs) are powerful smoothing algorithms for general nonlinear/non-Gaussian hidden Markov
models. However, CPFs can be inefficient or difficult to apply with diffuse initial distributions, which are common in statistical
applications. We propose a simple but generally applicable auxiliary variable method, which can be used together with the
CPF in order to perform efficient inference with diffuse initial distributions. The method only requires simulatable Markov
transitions that are reversible with respect to the initial distribution, which can be improper. We focus in particular on random
walk type transitions which are reversible with respect to a uniform initial distribution (on some domain), and autoregressive
kernels for Gaussian initial distributions. We propose to use online adaptations within the methods. In the case of random
walk transition, our adaptations use the estimated covariance and acceptance rate adaptation, and we detail their theoretical
validity. We tested our methods with a linear Gaussian random walk model, a stochastic volatility model, and a stochastic
epidemic compartment model with time-varying transmission rate. The experimental findings demonstrate that our method
works reliably with little user specification and can be substantially better mixing than a direct particle Gibbs algorithm that
treats initial states as parameters.

Keywords Adaptive Markov chain Monte Carlo - Bayesian inference - Compartment model - Conditional particle filter -

Diffuse initialisation - Hidden Markov model - Smoothing - State space model

1 Introduction

In statistical applications of general state space hidden
Markov models (HMMs), commonly known also as state
space models, it is often desirable to initialise the latent state
of the model with a diffuse (uninformative) initial distribu-
tion (cf. Durbin and Koopman 2012). We mean by ‘diffuse’
the general scenario, where the first marginal of the smooth-
ing distribution is highly concentrated relative to the prior of
the latent Markov chain, which may also be improper.

The conditional particle filter (CPF) (Andrieu et al. 2010),
and in particular its backward sampling variants (Whiteley
2010; Lindsten et al. 2014), has been found to provide effi-
cient smoothing even with long data records, both empirically
(e.g. Fearnhead and Kiinsch 2018) and theoretically (Lee
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et al. 2020). However, a direct application of the CPF to a
model with a diffuse initial distribution will lead to poor per-
formance, because most of the initial particles will ultimately
be redundant, as they become drawn from highly unlikely
regions of the state space.

There are a number of existing methods which can be used
to mitigate this inefficiency. For simpler settings, it is often
relatively straightforward to design proposal distributions
that lead to an equivalent model, which no longer has a diffuse
initial distribution. Indeed, if the first filtering distribution
is already informative, its analytical approximation may be
used directly as the first proposal distribution. The iteratively
refined look-ahead approach suggested by Guarniero et al.
(2017) extends to more complicated settings, but can require
careful tuning for each class of problems.

We aim here for a general approach, which does not
rely on any problem-specific constructions. Such a gen-
eral approach which allows for diffuse initial conditions
with particle Markov chain Monte Carlo (MCMC) is to
include the initial latent state of the HMM as a ‘parame-
ter’. This was suggested by Murray et al. (2013) with the
particle marginal Metropolis—Hastings (PMMH). The same
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approach is directly applicable also with the CPF (using par-
ticle Gibbs); see Fearnhead and Meligkotsidou (2016), who
discuss general approaches based on augmentation schemes.

Our approach may be seen as an instance of the gen-
eral ‘pseudo-observation’ framework of Fearnhead and
Meligkotsidou (2016), but we are unaware of earlier works
about the specific class of methods we focus on here. Indeed,
instead of building the auxiliary variable from the conju-
gacy perspective as Fearnhead and Meligkotsidou (2016), our
approach is based on Markov transitions that are reversible
with respect to the initial measure of the HMM. This
approach may be simpler to understand and implement in
practice, and is very generally applicable. We focus here on
two concrete cases: the ‘diffuse Gaussian® case, where the
initial distribution is Gaussian with a relatively uninforma-
tive covariance matrix, and the ‘fully diffuse‘ case, where the
initial distribution is uniform. We suggest online adaptation
mechanisms for the parameters, which make the methods
easy to apply in practice.

We start in Sect. 2 by describing the family of models we
are concerned with, and the general auxiliary variable ini-
tialisation CPF that underlies all of our developments. We
present the practical methods in Sect. 3. Section 4 reports
experiments of the methods with three academic models and
concludes with a realistic inference task related to modelling
the COVID-19 epidemic in Finland. We conclude with a dis-
cussion in Sect. 5.

2 The model and auxiliary variables

Our main interest is with HMMs having a joint smoothing
distribution 7 of the following form:

T

m(xrr) o< px)p(yr | x1) l_[ P | xk—1) Pk | x6), (1)
k=2

where f:u denotes the sequence of integers from ¢ to
u (inclusive), x1.7 denotes the latent state variables, and
yi.7 the observations. Additionally, # may depend on
(hyper)parameters 6, the dependence on which we omit for
now, but return to later, in Sect. 3.4.

For the convenience of notation, and to allow for some
generalisations, we focus on the Feynman—Kac form of the
HMM smoothing problem (cf. Del Moral 2004), where the
distribution of interest 7 is represented in terms of a o -finite
measure M1 (dx;) on the state space X, Markov transitions

Ms, ..., M on X and potential functions Gy : Xk = [0, c0)
so that
T
m(dxpr) oMy (dx)Grep) [ | M1, de) G (). (2)
k=2
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The classical choice, the so-called ‘bootstrap filter’ (Gor-
don et al. 1993), corresponds to M (dx;) = p(x1)dx; and
My (xg—1,dxg) = p(xx | xk—1)dxg, where ‘dx’ stands for the
Lebesgue measure on X = R?, and G (x14) = POk | xk),
but other choices with other ‘proposal distributions’ Mj are
also possible. Our main focus is when M is diffuse with
respect to the first marginal of 7. We stress that our method
accomodates also improper M|, such as the uniform distri-
bution on R?, as long as (2) defines a probability.

The key ingredient of our method is an auxiliary Markov
transition, Q, which we can simulate from, and which satis-
fies the following:

Assumption 1 (M-reversibility) The Markov transition
probability Q is reversible with respect to the o -finite mea-
sure M, or M-reversible, if

fM] (dxg) Q(xg,dx1)1(xo € A, x1 € B)
_ / M (&) Q(x1. dx)1(xo € A, xy € B), 3)

for all measurable A, B C X.

We discuss practical ways to choose Q in Sect. 3. Assuming
an Mj-reversible Q, we define an augmented target distribu-
tion, involving a new ‘pseudo-state’ xo which is connected
to x1 by Q:

7 (dxo.7) = 7 (dx1.7) Q(x1, dxp)
T
o My (dxo) Q(xo, dx1)G1(x1) l_[ My (xp—1, dxi) G (x1:4)-
k=2

It is clear by construction that 7 admits 7 as its marginal,
and therefore, if we can sample xo.7 from 7, then xy.7 ~ 7.

Our method may be viewed as a particle Gibbs (Andrieu
et al. 2010) which targets 7, regarding xo as the ‘parame-
ter’, and xp.7 the ‘latent state’, which are updated using the
CPFE. Algorithm 1 summarises the method, which we call the
‘auxiliary initialisation” CPF (AI-CPF). Algorithm 1 deter-
mines a 7-invariant Markov transition %1.7 — X gng]:T); the
latter output of the algorithm will be relevant later, when we
discuss adaptation.

Algorithm 1 AI-CPF(x1.7; Q, Ma.1, Gi.1, N)

1: Simulate Xo ~ Q(%1, -).

2: Simulate X" ~ Q(Xo, -) and set X{" = %;.

30 (RN N AN R CPRGyr, XY My, G
N).

4: (Bir, VM)« PICKPATH- X(Xi:l:TN)’ Wl(;lT:N),A(ﬁ:TNJl,Mz;T,
Gor). - ~ }

S Seciur = (R, X9, X90),

6: output (1.7, (B, VUM, X)),
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Line 1 of Algorithm 1 implements a Gibbs step sampling
Xo conditional on Xi.r = Xp.r, and lines 24 imple-
ment together a CPF targeting the conditional of X;.7 given
Xo. Line 3 runs what we call a ‘forward’ CPF, which is
just a standard CPF conditional on the first state particles
X%l:N), detailed in Algorithm 2. Line 4 refers to a call of
PICKPATH- AT (Algorithm 3) for ancestor tracing as in the
original work of Andrieu et al. (2010), or PICKPATH- BS
(Algorithm 4) for backward sampling (Whiteley 2010).
Categ(w“:N )) stands for the categorical distribution, that is,
A ~ Categ(w"™™) if Pr(A = i) = w®.

Algorithm 2 F-CPF(iz.7, X\'"V); Ma.r, Gi1r, N)

1: SetXilZN) <« XEIZN).

2:fork_=1,“.,Tf1d0 ) ) )

3 W < GX)yand W« Wy W fori € (1:N).
AN ~ Categ(W,leN)) and set ALV 1.

4

. 0 A e,

5: Drank+1~Mk+1(< | X, * ) fori € {2:N}.

6: Set X\ =iuir.

. O _ x4 0 -

7o SetX(), =X, X)) fori e {1:N).

8: end for ] ) s o

9: Wi« GrXP™) and Wi < WP SN Wi for i =
{1:N}.

10: output (X7, WtV a0,

The ancestor tracing variant can be used when the tran-
sition densities are unavailable. However, our main interest
here is with backward sampling, summarised in Algorithm 4
in the common case where the potentials only depend on two
consecutive states, that is, Gx(x1.x) = Gr(xg—1:x), and the
transitions admit densities My (xx—1, dxx) = My (xx—1, xx)
dxi with respect to some dominating o -finite measure ‘dx’.

Algorithm 3 PickPat- ATXEV, wEN AUV a1, Gor)

1: Draw Bg ~ Categ(W;I:M).

. B
2: output (By.7, W) where B, = A](\, D ok =T — 1,1

Algorithm 4 PickPath- BS(X(EV), WiV ANy ) Gor)

1: Draw Bg ~ Categ(W;l:M).
2. fork=T-1,..., 1do
i ; o) o BraD) o) o BraD),
3 00 WO R 2 G R, XY fori e (1:8).
4: Simulate By, ~ Categ(Vk“:N)), where Vk(') = V,i‘)/ Z?’:l \_/;'7)4
5: end for )
6: output (By.7, Vi,

‘We conclude with a brief discussion on the general method
of Algorithm 1.

(i) We recognise that Algorithm 1 is not new per se, in
that it may be viewed just as a particle Gibbs applied
for a specific auxiliary variable model. However, we
are unaware of Algorithm 1 being presented with the
present focus: with an M;-reversible Q, and allowing
for an improper M.

(i) Algorithm 1 may be viewed as a generalisation of the
standard CPF. Indeed, taking Q(xo, dx1) = M;(dx;)in
Algorithm 1 leads to the standard CPF. Note that Line 1
is redundant in this case, but is necessary in the general
case.

(iii) In the case T = 1, Line 3 of Algorithm 1 is redun-
dant, and the algorithm resembles certain multiple-try
Metropolis methods (cf. Martino 2018) and has been
suggested earlier by Mendes et al. (2015).

(iv) Algorithm 2 is formulated using multinomial resam-
pling, for simplicity. We note that any other unbiased
resampling may be used, as long as the conditional
resampling is designed appropriately; see Chopin and
Singh (2015).

The ‘CPF generalisation’ perspective of Algorithm 1 may
lead to other useful developments; for instance, one could
imagine the approach to be useful with the CPF applied for
static (non-HMM) targets, as in sequential Monte Carlo sam-
plers (Del Moral et al. 2006). The aim of the present paper is,
however, to use Algorithm 1 with diffuse initial distributions.

3 Methods for diffuse initialisation of
conditional particle filters

To illustrate the typical problem that arises with a diffuse
initial distribution Mj, we examine a simple noisy AR(1)
model:

Xkl = pxi 4 s Mk ~ N0, 02)
Y& =Xk + &, e ~ N0, 0}), &

for k > 1, x; ~ N(0,00), Mi(dx)) = p(x;)dxi,
My (xp—1,dxg) = p(xg | xp—1)dxg and Gr(x1) = p(x |
Xk)-

We simulated a dataset of length T = 50 from this model
with x; = 0, p = 0.8 and 0y = o, = 0.5. We then ran
6000 iterations of the CPF with backward sampling (CPF-
BS) with 1 € {10, 100, 1000}; that is, Algorithm 1 with
Q(x0, -) = Mi(-)together with Algorithm 4, and discarded
the first 1000 iterations as burn-in. For each value of o, we
monitored the efficiency of sampling x| . Figure 1 displays the
resulting traceplots. The estimated integrated autocorrelation
times (IACT) were approximately 3.75, 28.92 and 136.64,
leading to effective sample sizes (nefr) of 1600, 207 and 44,

@ Springer



24 Page4of 14

Statistics and Computing (2021) 31:24

oL=to

001= ‘o

A e
T Uy

T T T T T T T
0 1000 2000 3000 4000 5000 6000
Iteration

0001= ‘o

Fig.1 Traceplot of the initial state of the noisy AR(1) model, using the
CPF with 16 particles and backward sampling with o1 = 10 (top), 100
(middle) and 1000 (bottom)

respectively. This demonstrates how the performance of the
CPF-BS deteriorates as the initial distribution of the latent
state becomes more diffuse.

3.1 Diffuse Gaussian initialisation

In the case that M in (2) is Gaussian with mean p and covari-
ance X, we can construct a Markov transition function that
satisfies (3) using an autoregressive proposal similar to ‘pre-
conditioning’ in the Crank-Nicolson algorithm (cf. Cotter
etal. 2013). This proposal comes with a parameter 8 € (0, 1],
so we denote this kernel by Q?R. A variate Z ~ Q?R (x, +)
can be drawn simply by setting

Z=\J1=B(x— ) +BW+p, ®)

where W ~ N(0, X'). We refer to Algorithm 1 with Q =
Q?R as the diffuse Gaussian initialisation CPF (DGI-CPF).

In the special case B = 1, we have Q‘]AR = M, and so the
DGI-CPF is equivalent with the standard CPF.

3.2 Fully diffuse initialisation

Suppose that M1(dx) = Mj(x)dx where Mi(x) = 1 is a
uniform density on X = R?. Then, any symmetric transition
Q satisfies M-reversibility. In this case, we suggest to use
QEW (x,dy) = qgw (x, y)dy with a multivariate normal den-
sity qgw(x, y) = N(y; x, C), with covariance C € R¥*?.In
case of constraints, that is, a non-trivial domain D C R?, we
have M1 = 1(x € D). Then, we suggest to use a Metropolis—

Hastings type transition probability:
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0tV (x,dy) = g8V (x, y) min {1,

+8x(dy)r(x),

Ml(y)}d
My (x)

where r(x) € [0, 1] is the rejection probability. This method
works, of course, with arbitrary M1, but our focus is with a
diffuse case, where the domain D is regular and large enough,
so that rejections are rare. We stress that also in this case,
Mi(x) = 1(x € D) may be improper. We refer to Algo-
rithm 1 with QRW as the “fully diffuse initialisation” CPF
(FDI-CPF).

We note that whenever M can be evaluated pointwise, the
FDI-CPF can always be applied, by considering the modified
Feynman—Kac model M; = 1and G (x) = M(x)G(x).
However, when M is Gaussian, the DGI-CPF can often lead
to a more efficient method. As with standard random walk
Metropolis algorithms, choosing the covariance C € R4*?
is important for the efficiency of the FDI-CPE.

3.3 Adaptive proposals

Finding a good autoregressive parameter of Q?R or the
covariance parameter of Qléw may be time-consuming in
practice. Inspired by the recent advances in adaptive MCMC
(cf. Andrieu and Thoms 2008; Vihola 2020), it is natural to
apply adaptation also with the (iterated) AI-CPF. Algorithm 5
summarises a generic adaptive AI-CPF (AAI-CPF) using a
parameterised family {Q};cz of Mj-reversible proposals,
with parameter ¢.

Algorithm 5 AAI-CPF()’CI(?}; Q.0, Ma.r, Grr, N)
l:for j=1,...,ndo

. 2D £() ~ (=1,
2 (g, EY)) < AL-CPFGp 5 QpG-ns Mair, Gty N).
3 ¢« Apapt(gUD D) ).
4: end for

5: output (xf]} . x}"%)

The function ADAPT implements the adaptation, which
typically leads to £ /) — ¢*, corresponding to a well-mixing
configuration. We refer to the instances of the AAI-CPF with
the AI-CPF step corresponding to the DGI-CPF and the FDI-
CPF as the adaptive DGI-CPF and FDI-CPF, respectively.

We next focus on concrete adaptations which may be
used within our framework. In the case of the FDI-CPF,
Algorithm 6 implements a stochastic approximation vari-
ant (Andrieu and Moulines 2006) of the adaptive Metropolis
covariance adaptation of Haario et al. (2001).

Here, n; are step sizes that decay to zero, ¢; = (uj, Xj)
the estimated mean and covariance of the smoothing dis-
tribution, respectively, and O, = ng where ¢ > 0O is a
scaling factor of the covariance X'. In the case of random walk
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Algorithm 6 ADAPT£p; ap (11, £), (B, W™ x "V,
J)
L < (L= +n; X {7,

2 T (=0T + ;X = x (P — T,
3: output (s, X).

Metropolis, this scaling factor is usually taken as 2.382/d
(Gelman et al. 1996), where d is the state dimension of the
model. In the present context, however, the optimal value
of ¢ > 0 appears to depend on the model and on the num-
ber of particles N. This adaptation mechanism can be used
both with PICKPATH- AT and with PICKPATH- BS, but may
require some manual tuning to find a suitable ¢ > 0.
Algorithm 7 details another adaptation for the FDI-CPF,
which is intended to be used together with PICKPATH- BS
only. Here, ¢; = (uj, Xj, §;) contains the estimated mean,
covariance and the scaling factor, and Q; = QRCV(Z), where

Cit)y=ex.

AlgOrithm7ADAPTFDI’ASWAM((M,, X,6), (B, WFI:N), X%l:N)), J)

L < (L= npp+n; XL WX _

2 T~ U —npZ 40 T WP — mx? = T
3: 8. < 8+ nj(a — ) wherea = 1 — WiV

4: output (fLs, Xy, 84).

Algorithm 8 ADAPT pG 1 45(¢, (B, W™ x (V) )

1: & < ¢ +nj(a —ay) wherea =1 — Wl(l).
2: output g,.

This algorithm is inspired by a Rao—-Blackwellised variant
of the adaptive Metropolis within adaptive scaling method
(cf. Andrieu and Thoms 2008), which is applied with stan-
dard random walk Metropolis. We use all particles with their
backward sampling weights to update the mean p and covari-
ance X, and an ‘acceptance rate’ «, that is, the probability
that the first coordinate of the reference trajectory is not cho-
sen. Recall that after the AI-CPF in Algorithm 5 has been
run, the first coordinate of the reference trajectory and its
associated weight reside in the first index of the particle and
weight vectors contained in &),

The optimal value of the acceptance rate parameter o is
typically close to one, in contrast with random walk Metropo-
lis, where ay, € [0.234, 0.44] are common (Gelman et al.
1996). Even though the optimal value appears to be problem-
dependent, we have found empirically that 0.7 < «, < 0.9
often leads to reasonable mixing. We will show empirical
evidence for this finding in Sect. 4.

Algorithm 8 describes a similar adaptive scaling type
mechanism for tuning 8 = logit~!(¢) in the DGI-CPF, with
0r=0 ?R‘ The algorithm is most practical with PICKPATH-
BS.

We conclude this section with a consistency result for
Algorithm 5, using the adaptation mechanisms in Algo-
rithms 6 and 7. In Theorem 1, we denote (11;, X'j) = ¢; in
the case of Algorithm 6, and (u;, X'}, ;) = ¢; with Algo-
rithm 7.

Theorem 1 Suppose D is a compact set, a uniform mix-
ing condition (Assumption 2 in Appendix A) holds, and
there exists an € > 0 such that for all j > 1, the small-
est eigenvalue Amin(X;) > €, and with Algorithm 7 also
3; € [e, €~ 1. Then, for any bounded function f : X — oo,

almost surely.

1 < n—00
=Y FG) S ().
k=1

The proof of Theorem 1 is given in Appendix A. The proof
is slightly more general, and accomodates for instance ¢-
distributed instead of Gaussian proposals for the FDI-CPF.
We note that the latter stability condition, that is, existence
of the constant € > 0, may be enforced by introducing
a ‘rejection’ mechanism in the adaptation; see the end of
Appendix A. However, we have found empirically that the
adaptation is stable also without such a stabilisation mecha-
nism.

3.4 Use within particle Gibbs

Typical application of HMMs in statistics involves not only
smoothing, but also inference of a number of ‘hyperparame-
ters’ 6, with prior density pr(6), and with

Yo(x1.r) = pOrr, X1.7 | 6) (6)

T
=M c)GY ) [ M7 1. 50 G Gt ).
k=2

The full posterior, 7 (0, x;.7) o pr(0)ys(x;.7) may be
inferred with the particle Gibbs (PG) algorithm of Andrieu
etal. (2010). (We assume here that M is diffuse, and thereby
independent of 6.)

The PG alternates between (Metropolis-within-)Gibbs
updates for 6 conditional on x;.7, and CPF updates for x;.7
conditional on §. The (A)AI-CPF applied with M\’ and
Gf)T may be used as a replacement of the CPF steps in a
PG. Another adaptation, independent of the AAI-CPF, may
be used for the hyperparameter updates (cf. Vihola 2020).

Algorithm 9 summarises a generic adaptive PG with
the AAI-CPF. Line 2 involves an update of U~ to ()
using transition probabilities Ky, (-, - | x1.7) which leave
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7 (0 | x1.7) invariant, and Line 3 is (optional) adaptation. —— CPF-BS ---- DGI-CPF (bestf)
N=8 N=16 N =32 N =64

This could, for instance, correspond to the robust adaptive
Metropolis algorithm (RAM) (Vihola 2012). Lines 4 and 5
implement the AAI-CPFE. Note that without Lines 3 and 5,
Algorithm 9 determines a 7 -invariant transition rule.

Algorithm 9 AALPG(0©, ) Q0. Mar, Grir. N)
lzforjzl,w,ndo )
2 (OW,ED) ~ K- @U=Y, - [

30 ¢ < Aparty (e 00, 8.
» ) i1 ) %]
4 (x:’} £y « AI-CPF(x?{T ). Qri-n, Mfr ), G(li)r ) N).
50 W) «— ADAPT(CU—D, EW) ).
6: end for
7: output (0, xil%), e (9(")’565’:1}))'

4 Experiments

In this section, we study the application of the methods
presented in Sect. 3 in practice. Our focus will be on the
case of the bootstrap filter, that is, Mj(dx;) = p(x1)dxy,
My (xg—1,dxg) = p(xx | xp—1)dxg and G (x1) = p(yx |
Xk)-

We start by investigating two simple HMMs: the noisy
random walk model (RW), that is, (4) with p = 1, and the
following stochastic volatility (SV) model:

Xk+1 = Xk + Nk,
Vi = e*e, @)

with x; ~ N(0,02), nx ~ N(0,02) and e, ~ N(0,02).
In Sect. 4.3, we study the dependence of the method with
varying dimension, with a static multivariate normal model.
We conclude in Sect. 4.4 by applying our methods in a real-
istic inference problem related to modelling the COVID-19
epidemic in Finland.

4.1 Comparing DGI-CPF and CPF-BS

We first studied how the DGI-CPF performs in comparison to
the CPF-BS when the initial distributions of the RW and SV
model are diffuse. Since the efficiency of sampling is affected
by both the values of the model parameters (cf. Fig. 1) and
the number of particles N, we experimented with a range
of values N € {8, 16, 32, 64, 128, 256, 512} for which we
applied both methods with n = 10000 iterations plus 500
burn-in. We simulated data from both the RW and SV mod-
els with T = 50, x; = 0, 0, = 1 and varying o, €
{0.01, 0.05,0.1,0.5, 1, 2, 5, 10, 20, 50, 100, 200}. We then
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log(IRE)

Parameter configuration

Fig.2 The log (IRE) resulting from the application of the CPF-BS and
the best case DGI-CPF to the RW model. The horizontal axis depicts
different configurations of o and oy, and in each panel N varies

applied both methods for each dataset with the correspond-
ing oy, but with varying o1 € {10, 50, 100, 200, 500, 1000},
to study the sampling efficiency under different parameter
configurations (o, and o). For the DGI-CPF, we varied
the parameter 8 € {0.01,0.02,...,0.99}. We computed
the estimated integrated autocorrelation time (IACT) of the
simulated values of x; and scaled this by the number of parti-
cles N. The resulting quantity, the inverse relative efficiency
(IRE), measures the asymptotic efficiencies of estimators
with varying computational costs (Glynn and Whitt 1992).

Figure 2 shows the comparison of the CPF-BS with the
best DGI-CPF, that is, the DGI-CPF with the g that resulted
in the lowest IACT for each parameter configuration and N.

The results indicate that with N fixed, a successful tuning
of B can result in greatly improved mixing in comparison
with the CPF-BS. While the performance of the CPF-BS
approaches that of the best DGI-CPF with increasing N, the
difference in performance remains substantial with parame-
ter configurations that are challenging for the CPF-BS.

The optimal N which minimizes the IRE depends on the
parameter configuration. For ‘easy’ configurations (where
IRE is small), even N = 8 can be enough, but more ‘difficult’
configurations (where IRE is large), higher values of N can
be optimal. Similar results for the SV model are shown in
Online Resource 1 (Fig. 1), and lead to similar conclusions.

The varying ‘difficulty’ of the parameter configurations
is further illustrated in Fig. 3, which shows the log (IACT)
for the SV model with N = 256 particles. The CPF-BS
performed the worst when the initial distribution was very
diffuse with respect to the state noise oy, as expected. In
contrast, the well-tuned DGI-CPF appears rather robust with
respect to changing parameter configuration. The observa-
tions were similar with other N, and for the RW model; see
Online Resource 1 (Fig. 2).

The results in Figs. 2 and 3 illustrate the potential of the
DGI-CPF, but are overly optimistic because in practice, the
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Fig. 3 The log (IACT) of the CPF-BS (left) and the best case DGI-
CPF (right) with respect to o1 and oy in the case of the SV model and
N =256

Fig. 4 The logarithm of the mean IACT over 5 replicate runs of the
DGI-CPF with respect to varying 8. The dataset was simulated from
the SV model with parameters o, = 1 and o7 = 50 and fixed in each
replicate run of the algorithm. N was set to 128. The horizontal line
depicts the performance of the CPF-BS

B parameter of the DGI-CPF cannot be chosen optimally.
Indeed, the choice of 8 can have a substantial effect on the
mixing. Figure 4 illustrates this in the case of the SV model by
showing the logarithm of the mean IACT over replicate runs
of the DGI-CPF, for a range of 8. Here, a 8 of approximately
0.125 seems to yield close to optimal performance, but if
the B is chosen too low, the sampling efficiency is greatly
reduced, rendering the CPF-BS more effective.

This highlights the importance of choosing an appropri-
ate value for §, and motivates our adaptive DGI-CPF, that
is, Algorithm 5 together with Algorithm 8. We explored the
effect of the target acceptance rate o, € {0.01,0.02, ..., 1},
with the same datasets and parameter configurations as
before. Figure 5 summarises the results for both the SV and
RW models, in comparison with the CPF-BS. The results
indicate that with a wide range of target acceptance rates, the
adaptive DGI-CPF exhibits improved mixing over the CPF-
BS. When N increases, the optimal values for o, appear to
tend to one. However, in practice, we are interested in a mod-
erate N, for which the results suggest that the best candidates
for values of «, might often be found in the range from 0.7
to 0.9.

For the CPF-BS, the mean IRE is approximately constant,
which might suggest that the optimal number of particles
is more than 512. In contrast, for an appropriately tuned

T T T T T T T T T T T
0 0204 06 08 10 02 04 06 08 10 0.2 0.4 0.6 08 1
Target

Fig.5 Thelogarithm of the mean IRE over the parameter configurations
with the adaptive DGI-CPF and varying target acceptance rates. The
horizontal lines depict the mean performance of the CPF-BS

DGI-CPF, the mean IRE is optimised by N = 32 in this
experiment.

4.2 Comparing FDI-CPF and particle Gibbs

Next, we turn to study a fully diffuse initialisation. In
this case, M is improper, and we cannot use the CPF
directly. Instead, we compare the performance of the adap-
tive FDI-CPF with what we call the diffuse particle Gibbs
(DPG-BS) algorithm. The DPG-BS is a standard particle
Gibbs algorithm, where the first latent state x; is regarded
as a ‘parameter’, that is, the algorithm alternates between
the update of x; conditional on x;.7 using a random walk
Metropolis-within-Gibbs step, and the update of the latent
state variables x.7 conditional on xj using the CPF-BS. We
also adapt the Metropolis-within-Gibbs proposal distribution
Oppc of the DPG-BS, using the RAM algorithm (cf. Vihola
2020). For further details regarding our implementation of
the DPG-BS, see Appendix B.

We used a similar simulation experiment as with the adap-
tive DGI-CPF in Sect. 4.1, but excluding o7, since the initial
distribution was now fully diffuse. The target acceptance
rates in the FDI-CPF with the ASWAM adaptation were again
varied in a, € {0.01,0.02, ..., 1} and the scaling factor in
the AM adaptation was set to ¢ = 2.382. In the DPG-BS, the
target acceptance rate for updates of the initial state using the
RAM algorithm was fixed to 0.441 following Gelman et al.
(1996).

Figure 6 shows results with the RW model for the DPG-
BS, the FDI-CPF with the AM adaptation, and the FDI-CPF
with the ASWAM adaptation using the best value for o.
The FDI-CPF variants appear to perform better and improve
upon the performance of the DPG-BS especially with small
oy. Similar to Figs. 2 and 3, the optimal N minimizing the
IRE depends on the value of o, : smaller values of o, call for
higher number of particles.
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Fig. 6 The log (IRE) for the DPG-BS, FDI-CPF with the AM adap-
tation and the best case FDI-CPF with the ASWAM adaptation to the
datasets generated with varying o, from the RW model

The performance of the adaptive FDI-CPF appears similar
regardless of the adaptation used, because the chosen scaling
factor ¢ = 2.382 for a univariate model was close to the
optimal value found by the ASWAM variant in this example.
We experimented also with ¢ = 1, which led to less efficient
AM, in the middle ground between the ASWAM and the
DPG-BS.

The IACT for the DPG-BS stays approximately constant
with increasing N, which results in a log (IRE) that increases
roughly by a constant as N increases. This is understandable,
because in the limit as N — oo, the CPF-BS (within the
DPG-BS) will correspond to a Gibbs step, that is, a perfect
sample of x.7 conditional on x1. Because of the strong cor-
relation between x; and xp, even an ‘ideal’ Gibbs sampler
remains inefficient, and the small variation seen in the panels
for the DPG-BS is due to sampling variability. The results
for the SV model, with similar findings, are shown in Online
Resource 1 (Fig. 3).

Figure 7 shows the logarithm of the mean IRE of the FDI-
CPF with the ASWAM adaptation with respect to varying
target acceptance rate «,.. The results are reminiscent of Fig. 5
and show that with a moderate fixed N, the FDI-CPF with the
ASWAM adaptation outperforms the DPG-BS with a wide
range of values for «,.. The optimal value of o, seems to tend
to one as N increases, but again, we are mostly concerned
with moderate N. For a well-tuned FDI-CPF the minimum
mean IRE is found when N is roughly between 32 and 64.

4.3 The relationship between state dimension,
number of particles and optimal target
acceptance rate

A well chosen value for the target acceptance rate o, appears
to be key for obtaining good performance with the adaptive
DGI-CPF and the FDI-CPF with the ASWAM adaptation.
In Sects. 4.1-4.2, we observed a relationship between N and
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Fig. 7 A comparison of the FDI-CPF with the ASWAM adaptation
against the DPG-BS. The horizontal axis shows the target acceptance
rate o, used in the adaptive FDI-CPF. The logarithm of the mean IRE
on the vertical axis is computed over the different o, values. The black
horizontal lines show the performance with the DPG-BS

the optimal target acceptance rate, denoted here by aopt, with
two univariate HMMs. It is expected that ap is generally
somewhat model-dependent, but in particular, we suspected
that the methods might behave differently with models of
different state dimension d.

In order to study the relationship between N, d and aopt
in more detail, we considered a simple multivariate nor-
mal model with T = 1, Mj(x) « 1, and Gi(x]) =
N(x1;0,01;), the density of d independent normals. We
conducted a simulation experiment with 6000 iterations plus
500 burn-in. We applied the FDI-CPF with the ASWAM

adaptation with all combinations of N € {24, 25 ..., 2”},
asx € {0.01,0.02,...,1}, 0 € {1, 5, 10, 50, 100}, and with
dimensiond € {1, 2, ..., 10}. Unlike before, we monitor the

IACT over the samples of x; as an efficiency measure.

Figure 8 summarises the results of this experiment. With
a fixed state dimension, aop tended towards 1 with increas-
ing numbers of particles N, as observed with the RW and
SV models above. With a fixed number of particles N, ctopt
appears to get smaller with increasing state dimension d, but
the change rate appears slower with higher d. Again, with
moderate values for N and d, the values in the range 0.7-0.9
seem to yield good performance.

Figure 9 shows a different view of the same data:
logit(aopt) is plotted with respect to log (N) and d. Here,
we computed o by taking the target acceptance rate that
produced the lowest IACT in the simulation experiment, for
each value of o, N and d. At least with moderate oqp¢ and
N, there appears to be a roughly linear relationship between
logit(aopt) and log(N), when d is fixed. However, because
of the lack of theoretical backing, we do not suggest to use
such a simple model for choosing oy in practice.
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Fig. 8 The effect of state dimension d, number of particles N and
target acceptance rate o, on the logarithm of the mean IACT in the
multivariate normal model. The means are computed over the different
o in the simulation experiment
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Fig.9 The best target acceptance rate oope With respect to the number
of particles N and state dimension d on the multivariate normal model

4.4 Modelling the COVID-19 epidemic in Finland

Our final experiment is a realistic inference problem arising
from the modelling of the progress of the COVID-19 epi-
demic in Uusimaa, the capital region of Finland. Our main
interest is in estimating the time-varying transmission rate,
or the basic reproduction number %, which is expected to
change over time, because of a number of mitigation actions
and social distancing. The model consists of a discrete-time

‘SEIR’ stochastic compartment model, and a dynamic model
for Zy; such epidemic models have been used earlier in dif-
ferent contexts (e.g. Shubin et al. 2016).

We use a simple SEIR without age/regional stratification.
That is, we divide the whole population Ny, to four separate
states: susceptible (S), exposed (E), infected (/) and removed
(R), so that Nyop = S+ E + I + R, and assume that N, is
constant. We model the transformed %, denoted by p, such
that Zo = %™ logit~!(p), where %Zo™™ is the maximal
value for %. The state vector of the model at time k is,
therefore, Xy = (Sk, Ek, Ix, Rk, px). One step of the SEIR
is:

Sk+1 = Sk — AEk41,
Eiy1 = Ex + AEjq1 — A4,
Irv1 = I + Alg41 — ARg4,
Rit+1 = Rk + ARp41,
Pk+1 = Pk + Api+1,

where the increments are as distributed as follows:

AEpy1 ~ Binomial(Sk, pg), pg =1 —exp (—Bk(Ik/Npop)),
Ali41 ~ Binomial(Ey, ps), pa =1 —exp (—a),
ARy ~ Binomial(ly, py), py =1 —exp(—y),
Apg+1 ~ Normal (0, 02).

Here, B = %o™logit™! (ox) Py is the time-varying infec-
tion rate, and ¢! and y~! are the mean incubation period
and recovery time, respectively. Finally, the random walk
parameter o controls how fast (pox)x>2 can change.

The data we use in the modelling consist of the daily num-
ber of individuals tested positive for COVID-19 in Uusimaa
(Finnish Institute for Health and Welfare 2020). We model
the counts with a negative binomial distribution dependent
on the number of infected individuals:

Yr ~ NegativeBinomial (epy %Ik, p) . 8)

Here, the parameter e denotes sampling effort, that is, the
average proportion of infected individuals that are observed,
and p is the failure probability of the negative binomial dis-
tribution, which controls the variability of the distribution.

In the beginning of the epidemic, there is little information
available regarding the initial states, rendering the diffuse
initialisation a convenient strategy. We set

My (81, E1, I, Ry, p1)
=1(S1+E1+11 =Npop) 1(S1, E1, [1 20)1(R1=0), (9)
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where the number of removed R; = 0 is justified because
we assume all were susceptible to COVID-19, and that the
epidemic has started very recently.

In addition to the state estimation, we are interested in
estimating the parameters ¢ and p. We assign the prior
N(=2.0, (0.3)?) to log (o) to promote gradual changes in
%o, and an uninformative prior, N (0, 102), for logit(p).
The remaining parameters are fixed to Npop = 1638469,
Ro™™ =10,a = 1/3,y = 1/7 and e = 0.15, which are in
part inspired by the values reported by the Finnish Institute
for Health and Welfare.

We used the AAI-PG (Algorithm 9) with the FDI-CPF
with the ASWAM adaptation, and a RAM adaptation (Vihola
2012) for ¢ and p, (i.e. in the Lines 2-3 of Algorithm 9).
The form of (9) leads to the version of the FDI-CPF dis-
cussed in Sect. 3.2 where the initial distribution is uniform
with constraints. We use a random walk proposal to gen-
erate proposals (o1, E1, I1) — (o}, E, I{), round E}
and I{ to the nearest integer, and then set R = 0 and
ST = Npop — E{ — I] — R}. We refer to this variant of the
AAI-PG as the FDI-PG algorithm. Motivated by our findings
in Sects. 4.1-4.3, we set the target acceptance rate «, in the
FDI-CPF (within the FDI-PG) to 0.8.

As an alternative to the FDI-PG we also used a particle
Gibbs algorithm that treats o, p as well as the initial states
E1, I and p; as parameters, using the RAM to adapt the
random walk proposal (Vihola 2012). This algorithm is the
DPG-BS detailed in Appendix B with the difference that the
parameters o and p are updated together with the initial state,
and pDPG additionally contains all terms of (6) which depend
ono and p.

We ran both the FDI-PG and the DPG-BS with N = 64
a total of n = 500, 000 iterations plus 10, 000 burn-in, and
thinning of 10. Figures 10 and 11 show the first 50 auto-
correlations and traceplots of Ep, I1, (%0)1, o and p, for
both methods, respectively. The corresponding IACT and
nefr as well as credible intervals for the means of these vari-
ables are shown in Table 1. The FDI-PG outperformed the
DPG-BS with each variable. However, as is seen from Online
Resource 1 (Fig. 4), the difference is most notable with the
initial states, and the relative performance of the DPG-BS
approaches that of the FDI-PG with increasing state index.
The slow improvement in the mixing of the state variable R
occurs because of the cumulative nature of the variable in
the model, and the slow mixing of early values of /. We note
that even though the mixing with the DPG-BS was worse, the
inference with 500, 000 iterations leads in practice to sim-
ilar findings. However, the FDI-PG could provide reliable
inference with much less iterations than the DPG-BS. The
marginal density estimates of the initial states and param-
eters are shown in Online Resource 1 (Fig. 5). The slight
discrepancies in the density estimates of E; and /; between
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Fig. 10 The first 50 autocorrelations for the model parameters and
initial states with the FDI-PG and the DPG-BS computed after thinning
the total 500000 samples to every 10th sample
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Fig. 11 Traceplots for the initial states and model parameters for the
SEIR model with the FDI-PG and the DPG-BS. The 5000 samples
shown per method and parameter correspond to every 100th sample of
the total 500000 samples simulated

the methods are likely because of the poor mixing of these
variables with the DPG-BS.

We conclude with a few words about our findings regard-
ing the changing transmission rate, which may be of some
independent interest. Figure 12 displays the data and a pos-
terior predictive simulation, and the estimated distribution
of %y computed by the FDI-PG with respect to time, with
annotations about events that may have had an effect on
the spread of the epidemic, and/or the data. The initial %,
is likely somewhat overestimated, because of the influx of
infections from abroad, which were not explicitly modelled.
There is an overall decreasing trend since the beginning of
‘lockdown’, that is, when the government introduced the first
mitigation actions, including school closures. Changes in the
testing criteria likely cause some bias soon after the change,
but no single action or event stands out.

Interestingly, if we look at our analysis, but restrict our
focus up to the end of April, we might be tempted to quan-
tify how much certain mitigation actions contribute to the
suppression of the transmission rate in order to build pro-
jections using scenario models (cf. Anderson et al. 2020).
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Table 1 Th? mte':grated‘ . Variable TIACT Neff 95% mean CI
autocorrelation time, effective
sample size and credible FDI-PG DPG-BS FDI-PG DPG-BS FDI-PG DPG-BS
intervals of the mean for the
initial states and parameters in Eq 30.087 882.583 1661.838 56.652 (353.888, 374.054) (301.379, 423.106)
the SEIR model I 14.296 626.963 3497.603 79.75 (165.697, 172.388) (155.374, 203.458)
(Zo) 32.168 436.755 1554.331 114.481 (3.41,3.513) (3.266, 3.636)
o 41.261 114919 1211.796 435.088 (0.15, 0.154) (0.147, 0.154)
p 5.18 38.178 9652.794 1309.647 (0.134, 0.135) (0.133, 0.135)
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Fig.12 The distribution of the basic reproduction number % (top) and
a posterior predictive simulation (bottom) based on the posterior distri-
bution computed with the FDI-PG. The plot for %, shows the median
in black and probability intervals (75% and 95%) in shades of grey. The

However, when the mitigation measures have been gradually
lifted by opening the schools and restaurants, the openings
do not appear to have had notable consequences, at least until
now. It is possible that at this point, the number of infections
was already so low, that it has been possible to test all sus-
pected cases and trace contacts so efficiently, and that nearly
all transmission chains have been contained. Also, the public
may have changed their behaviour, and are now following the
hygiene and social distancing recommendations voluntarily.
Such a behaviour is, however, subject to change over time.

5 Discussion

We presented a simple general auxiliary variable method
for the CPF for HMMs with diffuse initial distributions and
focused on two concrete instances of it: the FDI-CPF for a
uniform initial density M and the DGI-CPF for a Gaussian
M. We introduced two mechanisms to adapt the FDI-CPF
automatically: the adaptive Metropolis (AM) of Haario et al.

black points in the bottom plot represent the data used. The grey points
represent observations simulated conditional on the posterior distribu-
tion of the model parameters and states

(2001) and a method similar to a Rao—Blackwellised adaptive
scaling within adaptive Metropolis (ASWAM) (cf. Andrieu
and Thoms 2008), and provided a proof of their consistency.
We also suggested an adaptation for the DGI-CPF, based on
an acceptance rate optimisation. The FDI-CPF or the DGI-
CPF, including their adaptive variants, may be used directly
within a particle Gibbs as a replacement for the standard CPF.

Our experiments with a noisy random walk model and a
stochastic volatility model demonstrated that the DGI-CPF
and the FDI-CPF can provide orders of magnitude speed-ups
relative to a direct application of the CPF and to diffuse ini-
tialisation using particle Gibbs, respectively. Improvement
was substantial also in our motivating practical example,
where we applied the adaptive FDI-CPF (within particle
Gibbs) in the analysis of the COVID-19 epidemic in Finland,
using a stochastic ‘SEIR’ compartment model with chang-
ing transmission rate. Latent compartment models are, more
generally, a good example where our approach can be use-
ful: there is substantial uncertainty in the initial states, and it
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is difficult to design directly a modified model that leads to
efficient inference.

Our adaptation schemes are based on the estimated covari-
ance matrix and a scaling factor which can be adapted
using acceptance rate optimisation. For the latter, we found
empirically that with a moderate number of particles, good
performance was often reached with a target acceptance rate
ranging in 0.7-0.9. We emphasise that even though we found
this ‘0.8 rule’ to work well in practice, it is only a heuristic,
and the optimal target acceptance rate may depend on the
model of interest. Related to this, we investigated how the
optimal target acceptance rate varied as a function of the num-
ber of particles and state dimension in a multivariate normal
model, but did not find a clear pattern. Theoretical verifi-
cation of the acceptance rate heuristic, and/or development
of more refined adaptation rules, is left for future research.
We note that while the AM adaptation performed well in our
limited experiments, the ASWAM may be more appropriate
when used within particle Gibbs (cf. Vihola 2020). The scal-
ing of the AM remains similarly challenging, due to the lack
of theory for tuning.
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Appendix
A Proof of Theorem 1

For afinite signed measure &, the total variation of & is defined

as [[§llev = supy <1 §(f), where || fllc = sup, | f(x)l,
and the supremum is over measurable real-valued functions
f,and §(f) = [ fd&. For Markov transitions P and P/,
define d(P, P') = sup, ||P(x, ) — P'(x, ) -

In what follows, we adopt the following definitions:

Definition 1 Consider Lines 3 and 4 of Algorithm | with
X}l:N) = X{I:N) and x».7, and define:

(i) PeprGi\"™) a.7; +) as the law of X% and
(ii) (In case PICKPATH- BS is used:) Pepr(E\", %275 -)
as the law of ()?E?T‘:T), (B, VAN )NKEI:N))).

Consider then Algorithm 1 with parameterised Q = Q,, and
define, analogously:

(iii) P is the Markov transition from x1.7 to X i':gT“T).
@iv) 13; is the Markov transition from from (xi.7, -) to
> (B . S(I:N
(X" (B, VD, X EY)).

Lemma 1 We have d(P;, Pyr) < Nd(Q;, Q;) and d(P,
Py) < Nd(Q¢, Q¢).

Proof Let (ﬁcp]:, ﬁ;) € {(Pcpr, Py), (ﬁcpp, P;)} and take
measurable real-valued function f on the state space of IA’;

with || fllee = 1.
We may write

PrGirr, f)
_ / Q;(fcl,dxo)[ / 55, (a5

N
[T 2: o. d&{) Pepe ™ s2.r. f)}, (10)
k=2

and therefore, upper bound

|134“(551:T, - 1351()&17, 18]
< 1Q¢ (i1, g5™) — Qp(ir, g5

N
+Z/ Qg’()&l’de)IQ{(xO,gi(xl:T’xO))
i=2

()'CI:TA,XO))‘

_Q;"(X(L 8i
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with functions defined below, which satisfy [|g§"" [l < 1
and [|gf 7o < 1t

N
o) (xg) = /gxl(dgl(l)) [T 2: xo. dx{?)

k=2

~(1:N) .
PCPF(Xf ) ot ),

i—1
H7.0) = (i - ~(k
g EY) = 85, @E) [T 0rr (o, a5
k=2

N
~(k ~(1: . .
[T Qctxo.dz”) Pepr(E™  s27. £).
k=i+1

The following result is direct:

Lemma 2 Let Q 5 stand for the random walk Metropolis type
kernel with increment proposal distribution qx, and with
target function My > 0, that is, a transition probability of
the form:

_ . Mi(x +2)
Os(x,A) = /ACIE(dZ) min {1, T(X)}

M
Fl(x € A)(l —/qg(dz)min{l, %})

Then, [|Qx(x, -) — Oz (x, Il = 2llgs — g3 llv-

The following result is from (Vihola 2011, proof of Propo-
sition 26):

Lemma3 Let g5 (x, dy) stand for the centred Gaussian dis-
tribution with covariance X, or the centred multivariate
t-distribution with shape X and some constant degrees of
freedom v > 0. Then, for any 0 < by < b, < 00 there exists
a constant ¢ = c(bg, b,) < 00 such that for all X, X' with
all eigenvalues within [bg, b, ],

lgs — gzl < cllZ — X',

where the latter stands for the Frobenius norm in RY.
Assumption 2 (Mixing) The potentials are bounded:
1) ||Grlloc < oo forallk =1,...,T.

Furthermore, there exists € > 0 and probability measures v,
such that for all ¢ € Z:

(ii) Q¢(x0, A) > €v(A) for all xo € X and measurable
ACX

(iii) J v (dxo) Q¢ (xo. dx)
G1(x1) [Thos Mi(xk—1, dxi) G (1, xi)dxrr > €.

Lemma 4 Suppose that Assumption 2 holds, then the kernels
P; and Py satisfy simultaneous minorisation conditions, that
is, there exists § > 0 and probability measures v;, V, such
that

PEGeir, ) = 6ve () and  PfRir. ) = 80(-),

forall xi.p € X ¥ e XN and ¢ € Z.
1

Proof For 134 € (P, 13;}, we may write as in the proof of
Lemmal

P (xpr, +) =/Qg(xl,dxo)ﬁé‘pp,;,xo(XtT, s

where the latter term refers to the term in brackets in (10) —
the transition probability of a conditional particle filter, with
reference x1.7, and the Feynman—Kac model M l(g’x‘)) (dxp) =
Q¢ (x0,dx1), Mp.7 and Gy.7, whose normalised probabil-
ity we call ]T;i o+ Assumption 2, 2 and 2 guarantee that
PéPF’{,xo(xl;T, dx{.p) > an;xo(dxi:T),whereé > Oisinde-
pendent of xp and ¢ (Andrieu et al. 2018, Corollary 12). Note
that the same conclusion holds also with backward sampling,
because it is only a further Gibbs step to the standard CPF.
Likewise, in case of 13;, the result holds because we may
regard f’; as an augmented version of P; (e.g. Franks and
Vihola 2020). We conclude that

Pr(xir, ) > €é f v (dxo)m} o (),

where the integral defines a probability measure independent
of x1.7. O

We may write the k:th step of Algorithm 5 as:

(i) Xk, &) ~ Py, (Xx—1, -,
(i) & = &—1 + mcH (Ce—1, Xk, §0)s

where H correspond to Algorithm 6 or 7, respectively.
The stability may be enforced by introducing the following
optional step:

(i) & = 1k € D) + G117 ¢ 2),

which ensures that ¢ € Z, the feasible set for adaptation.
Proof (Proof of Theorem 1) The result follows by (Saksman
and Vihola 2010, Theorem 2), as (Al) is direct, Lemma 4
implies (A2) with V. = 1,4, = 0,b, = 1,5, = § and

€ = 0, Lemmas 2 and 3 imply (A3), and (A4) holds trivially,
as |H(-)|leco < 00, thanks to the compactness of D. O
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B Details of the DPG-BS algorithm

The diffuse particle Gibbs algorithm targets (2) by alternating
the sampling of x,.7 given xj, and x; given x7.7. Hence, the
algorithm is simply particle Gibbs where the initial state is
treated as a parameter. Define

PPPO (1 | x2.7) o« My (x1)G1(x1)Ma(x2 | x1)Ga(x1, x2).

With this definition, the DPG-BS algorithm can be written as
in Algorithm 10. Lines 3-5 constitute a CPF-BS update for
x2.7, and Line 6 updates x;. A version of the RAM algorithm
(Vihola 2012) (Algorithm 11) is used for adapting the normal
proposal used in sampling x; from pPPC.

Algorithm 10 DPG-BS(X\”, i{); 7, N)

1: Set So = I, ax = 0.441, p™X = 0.5,y = 0.66.
2:forjinl,..., n do
3:  Simulate f(;lN) ~My(- | ngil)) and set ;(él) = Xg))‘
S(1:N 1I:N I:N . S(1:N
Eo wi A0 < BCPRGag. X5V Myr Gair ).
(By;r &) < PickPari- BS(RGEY Wi AY20) Myr. G

Set XU) = (ng), XéBz)’ )-(;83) """ )—((TBT))‘

: end for

4
5
j ~(By.T j—1
6: (x{.5)) < RAMPPO( | X527, U0 55y e s, ).
;
8
9: output X(I:m)

Algorithm 11 RAM(p, 0=V, S, |, a,, n™, y) (iteration 1)
1: Simulate U, ~ N(0, I).

2: Propose 6* =00~ 4.5, _1U,.
9*
3: Compute oy = min{l. L .
pO=1)
4: With probability a, set 80 = 6*; otherwise set () = g=1),
5: Set n;, = min{p™2X, dn~V}.
’
UnU,
6: Compute S, such that 5, S, = S,_1 (1 + 1 e — o) Hl; ”"2> s
n
7: output 6™ S,
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Citizens, community groups and local institutions participate in voluntary biological monitoring of population
status and trends by providing species data e.g. for regulations and conservation. Sophisticated statistical
methods are required to unlock the potential of such data in the assessment of wildlife populations.

We develop a statistical modelling framework for identifying territories based on presence-only citizen
science data. The framework can be used to jointly estimate the number of active animal territories and their
locations in time. Our approach is based on a data generating model which consists of a dynamic submodel for
the appearance/removal of territories and an observation submodel that accounts for the varying observation
intensity and links the data to the territories. We first estimate the observation intensity using past presence-
only observations made by citizens, conditioning on previously known territories. We then infer the territories
using a state-of-the-art sequential Monte Carlo method, which extends earlier approaches by allowing for
spatial inhomogeneity in the observation process.

We verify our data generating model and inference method successfully in synthetic scenarios. We apply
our framework for estimating the locations and number of wolf territories in March 2020 in Finland using one
year of confirmed citizen-made wolf observations. The observation intensity is estimated using wolf observation
data collected in 2011-2019, conditioning on official territory estimates and data from GPS-collared wolves.

Our experiments with synthetic data suggest that the estimation of territories can be feasible with presence-
only data. Our location and territory count inferences for March 2020 based on past data are comparable to
the official wolf population assessment of March 2020 by the Natural Resources Institute Finland. The results
suggest that the framework can provide useful information for assessing populations of territorial animals.
Furthermore, our methods and findings, such as the developed data generating model and the estimation of
the spatio-temporal observation intensity can be relevant also beyond the strictly territorial setting.

1. Introduction

wildlife management structures that are intended to support sustainable
harvest (Bragina et al., 2015; Cretois et al., 2020; Linnell et al., 2015).

Volunteers contribute to many wildlife monitoring programs but
standardised monitoring schemes are available for only a small num-
ber of taxa in a few countries (Gregory et al., 2005; Isaac, 2014).
Citizens, community groups and local institutions participate in bio-
logical monitoring of population status and trends by providing species
data e.g. for regulations and conservation (Conrad and Hichley, 2011;
Lawrence, 2006). The involvement of citizens as data collectors has
demonstrated its ability to gather massive amounts of data at a spatio-
temporal scale unattainable by research teams and state authorities
active in biodiversity monitoring (Silvertown, 2009). For instance, in
many European countries, hunters are integrated as data-providers in

* Corresponding author.
E-mail address: santeri.j.karppinen@jyu.fi (S. Karppinen).
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Statistical developments in data integration as well as more rigorous
protocols for data collection are needed to unlock further the potential
that volunteers’ data holds (Cretois et al., 2020; Isaac, 2014). The
statistical interpretation of citizen-collected data faces problems less
frequently encountered in traditional scientific research. For example,
the spatio-temporal sampling effort of citizens is usually not known
nor controllable. Sophisticated methods that model the data collection
process offer the greatest potential to estimate e.g. timely trends (Isaac,
2014).

In this paper, we propose a statistical modelling framework that can
be used to make inferences about animal populations with territorial
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behaviour, using observations reported voluntarily by citizens. More
specifically, our focus is on the following scenario:

» Citizens report presence-only observations of territorial animals.
Each observation consists of a GPS coordinate and an approximate
time stamp.

» We wish to estimate the number and locations of the animal
territories within some area and time interval using the data
collected by the citizens.

+ Prior knowledge on the territorial behaviour of the species is
assumed to exist in the form of a typical territory size and on
the rate of appearance and disappearance of territories.

Because of the high spatio-temporal variability common in citizen
science observation processes, modelling of the varying sampling effort,
that is, the observation intensity, is a crucial first part of our framework.
We take this variation into account by modelling the intensity based
on past data. This yields intensity functions that capture the spatio-
temporal variation in the observations reported by citizens. These
functions are then fed into a data generating model consisting of
two submodels that model the appearance and removal of territories,
and the generation of citizen science observations from the territories,
respectively. To estimate the number of territories and their locations,
we use the latest available citizen science data and perform Bayesian
inference for the data generating model.

The data generating model jointly approximates the evolution of the
number of active territories and their locations in time, characterised by
a sequence of posterior distributions conditioned on observation sets of
increasing size. In the engineering literature, similar models are called
‘tracking models’ (cf. Goodman et al., 1997). Indeed, the inference
algorithm we develop is a Rao-Blackwellised particle filter similar to
those developed for tracking (Sdrkkd et al., 2007; Vihola, 2007). We
further elaborate these methods by employing a state-of-the-art optimal
resampling of Fearnhead and Clifford (2003), and further refine the
inference algorithm so that it can incorporate the spatial inhomogeneity
arising from our observation model.

Our data generating model is similar to dynamic occupancy models
(Royle and Kéry, 2007) and open N-mixture models (Zhao et al., 2017)
in the sense that it has a latent process model for the appearance and
disappearance (‘“occupancy”) of animal territories, and a variable ob-
servation intensity. However, unlike in the work of Zhao et al. (2017),
the principal objects of analysis in our model are animal territories
rather than individual animals. In addition, our model does not assume
a fixed set of potentially occupied sites but operates in continuous
space, where territories are delineated without a pre-defined grid.
Finally, our model is formulated in continuous-time, which allows the
estimation of the state of the population at any time points within the
interval of interest. For example, our model can be used to track the
state of the population at daily or weekly time steps. In contrast, the
methods of Royle and Kéry (2007) and Zhao et al. (2017) operate in
discrete time, and are typically used for annual data with a considerably
smaller number of time steps.

The motivation for the development of our modelling framework
has been to aid in the task of assessing the Finnish wolf (Canis lupus)
population, although the framework can be relevant for other territorial
species as well. Currently, the Finnish wolf population is assessed
annually in March by the Natural Resources Institute Finland (Luke).
In the assessments, wolf observations provided by citizens from the
beginning of August to the end of February are combined with non-
invasive genetic samples, tracks of GPS collared wolves and records
of known mortality (Kojola et al., 2018). The assessments are carried
out in two phases. In the first phase a panel of experts conducts a
systematic review of all the data and judges territory boundaries that
are potentially occupied by wolf packs or pairs in March. In the second
phase, a Bayesian state-space model is used to infer the number of
wolves living in each territory by combining wolf observations, DNA
-recaptures and known mortality (Heikkinen et al., 2020). In particular,

Ecological Modelling 472 (2022) 110101

we envision that the developed framework can work as a useful tool in
the first phase, providing a statistical look at the citizen science data
and an aid in judging the territory boundaries.

We examine the performance of the developed particle filter with
a sequence of simulation experiments, where we start from simple
simulated conditions and work towards conditions that resemble more
closely our concluding experiment, which is a realistic situation that
could be faced in the assessment of the Finnish wolf population. Here,
we use previous estimates of territory locations and citizen-provided
observations to estimate the spatio-temporal variation of the condi-
tional probability of wolf observations given known existence of wolf
territories. Even though similar approaches have been used for species
abundance estimations (e.g. Renner et al., 2015; Ver Hoef et al., 2021;
Tang et al., 2021), the conditioning requirement provides a novel
challenge. Using the results of said intensity modelling, we apply our
data generating model to a real data set consisting of wolf observations
made by Finnish citizens between April 2019 and March 2020. We
estimate the number and locations of wolf territories and compare
the result to the official estimates by the Natural Resources Institute
Finland (Luke) which are based on the method discussed above.

The main contributions of this paper are as follows. First, we believe
that the developed framework is of interest in assessing populations of
territorial species using presence-only citizen science data. We focus
on the application to wolves, but our methods are readily adaptable
for other territorial species. Second, we believe that the observation
intensity estimation is of its own independent interest, because it
addresses the problem of estimating the conditional spatio-temporal
intensity of presence-only citizen science observations. Third, from a
methodological point of view, the developed data generating model and
particle filter might be relevant also in the context of ‘general purpose’
target tracking (e.g Vihola, 2007; Sirkka et al., 2007) applications
where a spatially varying observation process is needed.

2. Materials and methods

The general modelling framework proposed in this paper can be
summarised into four successive analysis steps numbered from one
to four. The flowchart in Fig. 1 depicts their dependencies and re-
lation with each other, highlighting the inputs, outputs and datasets
associated with each step. The following subsections will explain how
we apply the framework in the context of wolf territory estimation.
Section 2.1 discusses the Datasets A, B and C. Section 2.2 then describes
the data generating model, which motivates the intensity estimation
consisting of steps 1 and 2, which in turn are discussed in Sections 2.3
and 2.4, respectively. Section 2.5 describes step 3 of the analysis,
the statistical inference based on the data generating model, using a
particle filter we have developed for the problem. Finally, in Section 2.6
we conclude with a description of step 4 where we extract the number
and locations of the territories from the output of the particle filter.

2.1. Data

In this Section, we will discuss the Datasets A, B and C seen in the
framework of Fig. 1. In summary, the Datasets A and B contain past
data used in the construction of the data generating model, and Dataset
C contains the latest data to be processed by the particle filter. Each
datum in Datasets A and C is a spatio-temporal point, that is, it has the
form (¢, y), where ¢ is the time of observation, and y is a two-dimensional
point on a domain we denote by D,. The difference between Datasets
A and C is that Dataset A is past data, and Dataset C corresponds
to the latest data we wish to infer the territories with. In contrast,
Dataset B is more heterogeneous and contains all additional data such
as covariates and expert knowledge required in the construction of the
data generating model.
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Dataset A:
Past spatio-temporal
points

1. Intensity
modelling

Dataset B:
Past territory estimates
and covariate data

4. Estimating the number
and locations of territories

Filtering
result
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2. Constructing
intensity functions

Data generating
model

Dataset C:
Latest spatio-temporal
points

3. Filtering

Fig. 1. A flowchart of the proposed general modelling framework. The rectangles depict the analysis steps 1-4. The elliptical shapes denote inputs and outputs of the analysis

(s)
obs.

steps. Input datasets are marked with the gray fill. The symbols 4] and 4

2.1.1. Datasets A and C

We extract the spatio-temporal points in Datasets A and C from a
digital large carnivore observation database named “Tassu” (meaning
a “paw” in Finnish) (Kojola et al., 2018). The observations enter the
database through a network of approximately 2000 large carnivore
contact persons (LCCPs), who are nominated by management asso-
ciations and educated by the Finnish Wildlife Agency and Luke in
the biology, ecology and movement behaviour of wolves as well as
footprint identification. There are, however, no formal exams used in
the nomination process.

The LCCPs have their own local trusted network of people who
report their observations of wolves to the LCCP. These networks consist
mostly of hunters that are proficient in identifying wolves based on
sightings, tracks, prey kills and camera-trap documents. In addition, it
is in principle possible for any citizen to report their observations, since
the contact details of the LCCPs are publicly available and known in
local rural societies (Pellikka and Hiedanpdd, 2017). However, the net-
works of the LCCP are particularly relevant for wolf sightings in snow-
free conditions because such observations usually cannot be verified
afterwards.

Wolf observations found to be valid by the LCCPs are saved into
the Tassu database. Each saved datum includes information about the
time and location of the observation, the type of observation (such as
wolf track, sighting, droppings, game camera photograph, prey kill site
or livestock predation) and the estimated count of wolves observed
simultaneously. The count estimate is based on the judgement of the
LCCP based on the information available. Since the observations saved
to the database are subject to the confirmation of the LCCP (possibly
days after the initial report), we consider the observation times to be
accurate on a daily granularity. In total, Datasets A and C contain
all observations from the Tassu database that reported two or more
wolves between January 2011 and March 2020. Since the purpose of
our frameworKk is to infer the number and locations of wolf territories,
we only focus on observations that report more than one wolf, since
this indicates that the observed wolves form a wolf pack and very likely
exhibit territorial behaviour. In contrast, observations of single wolves
can originate from lone, vagrant wolves, that do not yet maintain a
territory. Furthermore, for simplicity, we make no distinction for data
points with different observation types; we regard each observation
simply as a spatio-temporal point. We return to this matter in the
discussion.

We split the data such that Dataset C contains the observations
made between April 1st 2019 and March 31st 2020, and Dataset A the
observations before this. The locations in Dataset C are illustrated in
Fig. 2 (top left). The domain of the locations, Dy, is mainland Finland
south of the reindeer husbandry region in the north. The wolf territories
in the reindeer husbandry region are few and short-term owing to

denote the intensity functions and 6 stands for the other parameters of the data generating model.

lethal control that is justified by the prevention of damages to reindeer
husbandry.

We organise the Datasets A and C according to so-called “wolf
years”. A wolf year starts April 1st and ends in March 31st of the next
year. Hence, Dataset C consists of the observations made during the
wolf year 2019-2020. The organisation of the data to wolf years has
two reasons. First, as described in the introduction, the annual Finnish
wolf population assessments describe the state of the wolf population in
March. Second, the data indicate that the highest observation intensity
is reached during the winter season and declines towards the spring.
Year-by-year changes in the observation activity are expected to occur
between the winter seasons, rather than between calendar years. We
will also use the term “wolf month” to refer to the months within a wolf
year such that the first wolf month corresponds to April, the second to
May, and so on.

2.1.2. Dataset B

Dataset B contains two kinds of information. Most importantly,
Dataset B contains information about past known wolf territories until
March 2019, that is, before the wolf year associated with Dataset C. In
addition, Dataset B also contains covariates.

Dataset B is primarily used in the intensity modelling described
in Section 2.3, but also for setting certain parameters in the data
generating model. The details on how the data sources described below
are used in the intensity modelling are given in Section 2.3. The relation
of Dataset B to the parameters of the data generating model is discussed
in the results of Section 3.3.

The information about past wolf territories was constructed from
two sources of data, independently of Datasets A and C. We call the
resulting territories ‘auxiliary territories’. The first source consists of
the space-time trajectories of 34 GPS-collared wolves that were tracked
between 2011 and 2019. The transmitters in the collars stored the
wolf’s position at one- or four-hour intervals, depending on the season.
The capture, handling and immobilisation protocols of these wolves are
described in Kojola et al. (2016).

We assumed that each collared wolf was part of a wolf territory.
The trajectories contain outlier recordings, such as test measurements
at a lab or ‘glitch’ jumps of hundreds of kilometres occurring due
to device malfunction or other reason. Some trajectories also cover
two clearly separate territories. We therefore preprocessed the data as
follows. First, the recorded GPS trajectories were divided into separate,
contiguous trajectories at temporal jumps of more than two weeks
or spatial jumps of more than 100 km. Trajectories less than 24 h
were rejected. Second, each contiguous trajectory was processed by
assigning to each trajectory point a probability of being an outlier.
The probability was given by the velocity density v ~ Exp(28.8) with
median at 20 km/h, multiplied by the function w(d, = x) = I(x <
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Fig. 2. Top left: The observed locations in Dataset C, that is, the locations of the Tassu observations (black points) that reported two or more wolves from April 2019 to March
2020. The blue overlay shows the domain of interest (the study area). Bottom left: Wolf territories found in the wolf population assessment of April 2019 by the Natural Resources
Institute Finland. The point within each territory represents the centroid of the territory polygon. Right: The study area highlighted on a map of Europe. The distance scales are

approximate due to coordinate transformations applied in drawing the maps.

(50)) + 1(x > (50)) exp[—0.5(x — 55)* /40000%], where d. denotes a point’s
distance from the trajectory’s centre of mass and o is the 90%-truncated
standard deviation of the centre of mass-distances. Points with proba-
bility less than 50% were excluded from the trajectory. Finally, the first
and second steps were repeated to account for significant gaps after
the outlier detection second step. From each remaining trajectory, an
auxiliary territory was constructed as a polytope in Dy X Ty, where Tp
denotes the time span 2003-03-04-2019-03-31, by taking the Cartesian
product of the convex hull of the spatial locations and the time interval
of the trajectory. In total, 59 auxiliary territories were constructed from
the GPS trajectories, covering approximately 74,000 km? and with time
spans that add up to approximately 36.5 years.

The second type of auxiliary territories were constructed based on
expert knowledge using the official population assessments of Luke
from 2017 onwards. The assessments include estimates of active wolf
pack territories as polygons in D, during March of the corresponding
years. Fig. 2 (bottom left) shows the active pack territory location
estimates of experts in the assessment of March 2019. We assumed
that these territories were active also during January and February.
We then constructed polytopes in Dy X Ty as the Cartesian products
of the polygons and January-March-intervals of each year between
2017-2019. The resulting 203 expert judgement auxiliary territories
covered approximately 180,000 km? with time spans that add up to
approximately 35.3 years.

The additional covariates in Dataset B consist of two datasets. The
first of these is the CORINE land cover data for 2018 (Finnish Envi-
ronment Institute SYKE, 2018). The dataset comes as a raster covering
Finland and contains an approximate land use class (e.g. river, small
road) for each of its 20 by 20 metre cells. The original 49 classes were
first reclassed down to 8: Residential areas, other build areas, roads,
cultivated fields, lakes and rivers, swamps and other wetlands, closed
forests, and open forests. For each of the 8 classes, we aggregated
their frequency in 1 km? cells, and to slightly reduce the amount of
zeros, applied smoothing with a Gaussian blur with standard deviation
3 km. Each cell of the resulting 8-layer raster stack then contained
a vector giving the (smoothed) frequencies of each land use class in
(and near) the 1 km? cell. Since the resulting vector for each cell k,
[Coriney , ..., Corine, g, is (nearly) a simplex, we dropped the first
class, residential areas, and kept the remaining 7 as frequencies. A
log-ratio transformation, which is a popular approach in compositional
data analysis, might have been more suitable here but was not done
due to numerous zeros in all classes.

The CORINE road information capture larger streets and highways,
and to describe accessible forest areas we computed an additional forest
road frequency variable to Dataset B. This variable is derived from the
national road and street database Digiroad (Finnish Transport Infras-
tructure Agency, 2021). From the database we extracted the polyline
feature class ‘12’, roads and paths traversable by offroad vehicle. We
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binarised the polylines on to the 20 by 20 metre cells of the CORINE
land cover data, and then computed the frequencies of those cells on a
1 x 1 km raster. We denote the value of this variable in the kth 1 km?
cell by forestroad,.

2.2. Data generating model

In this section, we discuss the data generating model we have
developed for citizen science observations of a territorial species. The
model we have developed is more general than the instance of it that
we use for modelling the wolf data. Therefore, this section will also
highlight certain modelling decisions we make in the present applica-
tion. Furthermore, the data generating model we describe here is ‘ideal’
in the sense that it must be approximated further to be tractable for our
inference method. We will discuss this in more detail in Section 2.5
that is devoted to the filtering algorithm. For the interested reader, the
mathematical details of the general data generating model are given in
Sections 1.1 and 1.2 of the supplementary material.

The data generating model consists of two submodels, the birth
and death process and the observation model, which we will discuss
in Sections 2.2.1 and 2.2.2, respectively. In summary, the birth and
death process models how new territories emerge and disappear, and
the observation model describes how each existing territory produces
citizen science observations (spatio-temporal points as in Dataset C).

2.2.1. Birth and death process

Our model assumes that the territories of interest exist and emerge
within a domain denoted by D, c R?, with D, C D,. The location
of the territory / is represented by its centroid, y; € D,, which is
assumed to be constant in time. New territories emerge within D,
with the instantaneous birth intensity A,(u)N, + Ay, where A,(u) is
the (known) birth intensity function and N, stands for the number of
existing territories at time u. The function A(u) can be interpreted as
birth intensity per each existing territory. The baseline birth intensity
parameter 4, on the other hand, models additional birth intensity due
to external factors such as inflow from outside D,. For modelling of
the wolf data, we simplify A,(u) to a constant, denoted by 4, and set
Ay = 0. As a new territory emerges, its centroid follows the uniform
distribution on D,,.

Similarly, each existing territory disappears with the instantaneous
death intensity A4(u), that is, the total instantaneous death intensity
induced by all territories equals A4(u)N,,. In case of the wolf data, we
fix Aq(u) to a constant that we denote by A,. Therefore, the lifetime of
a single territory follows an exponential distribution with mean A:!.
Furthermore, in a similar fashion as was done in Vihola (2007), we
‘symmetrise’ the birth and death process by setting 4, = A4 = Aug,
where 1,4 then remains the only birth/death intensity parameter. This
minimises the bias in the birth and death process, and a priori leads to
a constant conditional expectation for the number of territories in time.

The initial distribution of the model is a joint distribution of the
number of territories and the locations of their centroids. The initial
locations of the territory centroids can either be distributed uniformly
on D, or subject to Gaussian error (truncated to D“) around some
location estimate.

2.2.2. Observation model

The observation model, conditional on the territory locations and
lifetimes generated by the birth and death process, describes how each
territory with its centroid on D, produces citizen science observations.

The ‘baseline’, underlying model for an observation from a single
territory i that exists at any given time point, is bivariate normal
N(; pi, Zops), where X o describes the size and shape of the territories.
We assume that the territories are roughly circular in shape by setting
s = angI , where I denotes the 2 x 2 identity matrix and o, > 0 is
a standard deviation related to the territory size.
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It is useful to interpret this territory model using the circular con-
tours of the distribution N(y;, ngsl ). A circle of radius

\V )(5,20'0135 @™

centred at y; is assumed to enclose the instantaneous location of
the wolves belonging to the territory with probability «. Here, ;(2_2
corresponds to the 100a% quantile of the chi-squared distribution with
two degrees of freedom.

Because of the temporal and spatial variability inherent to citi-
zen science observation processes, the observation model modulates
the number of observations produced from the territories based on a
temporal intensity function Ai’h)s, defined on a time interval of interest
[0,T), and a spatial intensity function Aifbs defined on the domain of the
observed locations, D,. These intensity functions are assumed spatio-
temporally separable, since there is limited data for their estimation,
which is further discussed in Section 2.3. The values of these functions
are tied to the number of observations the territories produce in time
and space. For constant functions AE;bl(«V) =1, €[0,0) and 1&)5(14) =€
[0, 0), our model assumes that the expected number of observations
that a single territory produces on Dy in a unit of time is approximately
Aobslls, where A is a scalar multiplier for the intensity functions. The
intensity functions Agj)s and Affb)s are assumed known (fixed), and we
discuss their estimation in Sections 2.3-2.4.

In addition to the observations originating from the territories, the
observation model also accommodates so called ‘clutter’ observations,
that are understood as ‘erroneous’ observations not originating from
actual territories. These observations are assumed to be distributed
uniformly on Dy and their intensity is likewise modulated by 15)35 and
Ags, but multiplied by a different scalar parameter, A.. The relative
values of the scalar multipliers 4,,, and A. can be used to model the
rate of the total number of observations believed to originate from the
territories.

Mathematically, conditional on the territory locations and lifetimes,
our observation model defines a three-dimensional inhomogeneous
Poisson process in time and space, whose intensity function is given
in Equation (5) of the supplementary material. The data generating
model parameters in Fig. 1 are given by 0 = (Agps, Apgs Acs Oobss Dy» D))
and the intensity functions A and A%

obs obs”

2.3. Observation intensity modelling

The following two sections discuss how we estimate the intensity
functions /lg:s and Afh)g in the observation model of Section 2.2.2. This
section focuses on step 1 of the modelling framework in Fig. 1, detailing
the intensity model we fit to the past Datasets A and B discussed in
Section 2.1. The primary data for this step are the spatio-temporal
points in Dataset A discussed in Section 2.1.1. We assume that each
of these observations originated from an active wolf territory. In this
section, we denote by y = {[s;;1;]} the spatio-temporal point pattern
of the wolf observations in Dataset A with locations s; € D, and dates
t; € T, =[2011-01-01, 2019-03-31].

We assume the arrival of Tassu reports y can be approximated by an
inhomogeneous Poisson process (Illian et al., 2008). Note that reporting
depends on two consecutive events: An observer is at a territory, and
they make and report an observation. The data contains no information
if an observer was on a territory but did not observe wolf activity.
The observer and reporting intensities are therefore confounded. The
situation is notably different from presence-absence citizen science
data, such as for birding analysed with point processes by Tang et al.
(2021), as in addition to absences not being measured, the observers
cannot be assumed to have been actively looking for wolf activity in the
first place. Our situation is more akin to presence-only analysis (Renner
et al., 2015; Ver Hoef et al., 2021), with the nuance that instead of
estimating species abundances the goal is to estimate the connection
between a wolf territory’s presence and the emergence of the Tassu-
reports. To account for the conditioning on a wolf territory’s presence
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in this estimation, we constrain the Tassu-observations to the auxiliary
territories in Dataset B, detailed in Section 2.1.2.

Given the observations on the auxiliary territories, we estimate the
intensities by aggregating the observations and then using standard
Poisson regression in the generalised additive models (GAM) frame-
work. More specifically, we fit the model on observation units given
by spatio-temporal grid cells C, = {V} x 1, } with temporal resolution
[tx] = 1 month and spatial resolution |V| 1km x 1km. From
this discretisation of Dy X T, we only consider the subset of cells that
intersect the auxiliary territories, which is ~ 11.9 million cells, and then
count the Tassu reports in each such cell, denoted by n, = #(y n Cp),
resulting in 4816 non-empty cells. The auxiliary territory (polytope)
which a cell C, overlaps is denoted by A,. For each cell C, we let u,
and y, represent its centroid in time and space, respectively, and finally
define 47 := [ A7) @du and A7 1= [, i3 ()dy.

Then the counts in the grld cells are modelled with a Poisson
regression model of the following form

(7) 4(8)

Poisson A
o~ A 2
[Al

(2)
log(/ljf)/lf)) = month(uy) + year(u;) + X ()8 + smooth(y,)

X () = [expert(Ay), Corine, , forestroad, |”.

The offset |A;| is the area of the territory that grid cell C; belongs to,
and accounts for an assumption of the instantaneous location of the
wolves following a uniform distribution within A,, i.e. a pack on a
larger territory is harder to observe.

The ‘year’ and ‘month’ effect were included as factors to model
seasonal effects and year to year differences. We used ‘wolf years’
as discussed in Section 2.1.1 for the factors ‘year’ and ‘month’. We
did not include weather station information (e.g. snow depth), mainly
because their monthly aggregates are highly correlated with month-
effects but also in order to avoid spatio-temporal interaction terms to
reduce model complexity given we have only <1% non-zero units.

The spatial effects are modelled with covariates X and a resid-
ual smooth term. The indicator leyper(A;) was included to adjust
for potential discrepancies between the different types of auxiliary
territories (GPS tracks & expert estimates). The numerical covariates
Corine, = [Corine,,, ..., Corine, 3] and forestroad, were described in
Section 2.1.2 and capture environmental variability.

The estimation was carried out using the statistical software R
and the GAM function mgcv: :bam with a smooth term ‘smooth(y,)’
defined as a tensor product te-term in x and y coordinates of the
cell centroid y,. The smoothness penalty choice was left to the default
which is generalised cross validation (Wood, 2017).

2.4. Computing intensity functions for the data generating model

Next, we discuss how we compute the intensity functions /1“) and
/l(” based on the intensity model of Section 2.3 fit to the past Datasets
A and B. This section focuses on step 2 in the modelling framework of
Fig. 1. The aim is to obtain intensity functions for the data generating
model that anticipate the spatio-temporal intensity of the observations
in Dataset C. We model the intensity functions as piecewise constant
such that /1(’) takes on the value ¢, during wolf month i, i =1,...,12,
and /1(” takes on the value ¢, in each cell V; € D,. In summary,
the ¢, s and cy.’s are computed by using quantmes calculated from the
predictions of the intensity model (2) in Eq. (4) below.

The computation proceeds as follows. First, assume that the inten-
sity model (2) is fit using the Datasets A and B. Then, using the fitted
model, we predict the spatial effect /lf), excluding the term leyperc(Ay)
for all 1 km? grid cells V}, € D,. This grid is then smoothed using
Gaussian blur, and we denote the value in the smoothed grid cell ¥V,
by Zf). More specifically, we use a ‘border preserving’ Gaussian blur
that only smooths cells that are within D, and normalises the blur
weights in the smoothing window such that only non-zero intensity
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values contribute to the smoothed grid. We use o, as the standard
deviation in the Gaussian blur and set the window size to the first
integer larger than 20, (in kilometres). We report the o, value used
in this step together with the results of Section 3. The smoothing of
the predicted grid is motivated by an assumption of smoothness that
our inference method places on the spatial intensity function. We will
discuss this (Assumption C) in more detail in Section 2.5.

After computing the predicted and smoothed spatial effect, we also
predict the temporal effect for the wolf year associated with Dataset C
by setting

j'gr) = eXp (ﬂ;ear + ﬂmonlh,i)’

where Zﬁ’) is the predicted temporal effect for wolf month i =1,2,...,12
during the wolf year of interest. Here, Byear corresponds to a predicted
(wolf) year regression coefficient obtained by running a linear regres-
sion on the previous (wolf) years’ regression coefficients (available
from fitting model (2)). The coefficients g, on the other hand,
correspond to the estimated (wolf) month coefficients from model
(2). The linear regression for the year coefficients was carried out to
take into account a slight increasing trend in the yearly regression
coefficients of model (2).

To compute the distinct values ¢, and ey, that the piecewise con-
stant functions /1(1)g and /1(:) take, we match the predicted intensities
such that "

(T) (S>

| A| / / AS @AS) (3)/1A,dydu, ®3)

where 4; is defined as in Section 2.3.
Evaluating the integral (3) and taking the logarithm yields

log (17) + log (,Iié')) =log(|t;]) + log([V; ) + log(c;,) + log(cy, ).

To obtain equality in this equation, ¢, and cy, can be chosen such that

¢, = expog(lt;| ™) +log (1) - K)

-1 7(s) “)
ey, = expllog(|V; ™) +log (35) + K),

where K is a constant that needs to be chosen. Our choice for K is

K = —max{log(|V;|™") +log (1)),
J

which scales ASJS € (0,1].

Finally, for the purposes of Sections 3.3 and 3.4 we note that when
15;; is computed as discussed above, one of the territory centroids seen
in Fig. 2 is outside the domain of Af}&. Therefore, in the case of the wolf
territory estimation, we additionally widen the domain of A;Sb)s by 27
kilometres at the boundaries by repeating the maximal intensity value
found in the neighbouring cells of the borders.

2.5. Filtering algorithm and its constraints

This section discusses step 3 of the framework in Fig. 1, the sta-
tistical inference of the territories given Dataset C, assuming the data
generating model of Section 2.2. This section gives an overview of the
inference, and the mathematical details are given in Section 1.6 of the
supplementary material. In summary, given Dataset C and the data
generating model of Section 2.2 with fixed parameters and intensity
functions, the inference procedure outputs a sequence of joint filtering
distributions of the territory centroid locations and their number at
chosen times ¢, < t, < --- < 1, that are also input to the procedure. The
filtering distribution at time ¢ is the distribution of the locations of the
territory centroids and their number, conditional on the observations
of Dataset C up to time 7.

The inference method we use is somewhat involved and computa-
tionally intensive, and based on sequential Monte Carlo/particle filter-
ing (cf. Doucet et al., 2000). More specifically, the method is a Rao-
Blackwellised particle filter similar to the works of Sirkki et al. (2007),
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Vihola (2007), but employing a state-of-the-art optimal resampling
algorithm developed by Fearnhead and Clifford (2003).

A summary of the method’s operation can be given as follows.
Denote by 7,.x = (71, J,, ..., jx) the K temporally ordered observations
with observation times 7; < 7, < -+ < 7g. Here, the input timepoints
t; <1, < - < t, are among the 7;’s and each j, is a spatial location
from Dataset C, or j; = @ (see also discussion on Assumption A below).
The method works by processing the observations ., sequentially,
such that the processing of j, yields the filtering distribution at time
7. During the algorithm, each filtering distribution is characterised by
a set of M weighted particles. More specifically, at time index k — 1,
each of the M particles represents a hypothesis about the locations and
number of territory centroids on D,, conditional on the observations
J1.x—1 seen so far (with j;., understood as the empty set).

The observation y, is processed such that first a set of possible
territory birth, territory death and observation association outcomes is
built, which consist of all one step ‘futures’ that could happen for any
existing hypothesis at time index k — 1, conditional on j, and the time
passed since j,_;. This set of outcomes is then probabilistically pruned
using the optimal resampling algorithm of Fearnhead and Clifford
(2003), which yields a set of M chosen outcomes and their normalised
weights. Finally, based on the chosen outcomes and the previous hy-
potheses, a new set of M updated and weighted hypotheses (particles)
is constructed by adding and deleting territories and ‘associating’ y,
(if y, # ¥) to a territory using an approximate Kalman filter update.
The filtering distribution at time index k is characterised by these M
particles. The process then repeats for the observation j; .

The ideal data generating model of Section 2.2 is time-discretised
and approximated before the filter can be used. The approximations
used can be justified by introducing a set of additional assumptions,
some of which are primarily computational, and some of which help
reduce the discrepancy between the approximate and the ideal model.
The following list highlights these assumptions, which we will refer to
as Assumptions A to D.

(A) The observed data can be processed sequentially, one at a time.
In other words, each datum has an associated time, and the
observation times are strictly increasing.

(B) Compared to the rate of observations arriving from the territo-
ries, birth and death events of territories are rare.

(C) The spatial intensity function Af}:} is ‘smooth’/‘slowly varying’
with respect to the territory size parameter X . This means that

for any centroid 4 € D,, Afj;s(y) is a good approximation for
Aﬁjzs(x) in the region where the distribution N(u, X,
of its probability mass.

(D) For most territories, the territory centroid y; is not close to the
boundary of D,,, in the sense that a region of high probability of
N(p;, ) is contained within D,.

) has most

obs

We conclude this section with a brief discussion on these assumptions.
Assumption A is satisfied for many datasets that are collected in real
time. However, as mentioned in Section 2.1, the observation times
in Dataset C are pooled with a granularity of one day. In order to
make Assumption A hold, we introduce a preprocessing step before the
filtering that artificially disperses the daily pooled observations in time,
generating a ‘pseudotime’ for each observation within the day that it
occurred. This step introduces a bias, which is small, since the arrival
intensity of the observations still remains practically the same as with
the pooled data. The preprocessing of the data is related to the time
discretisation of the model, which we make fine enough so that during
filtering we may assume that practically at most one territory birth
or death may occur during each time-discretised interval, and that the
time-discretised model approximates the ideal model sufficiently well.
We ensure this by introducing ‘discretisation points’ to the dataset that
contain no spatial location (that is, y, = #). For further discussion on
these matters, see Sections 1.3-1.4 in the supplementary material.
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Assumption B is necessary for the identification of the territories
based on the data. In the present application, Assumption B holds since
the births and deaths of wolf territories are relatively rare events on the
daily timescale at which the observations in Dataset C arrive.

Assumption C is necessary for approximating certain intractable
integrals that arise in the filtering algorithm and are related to the
spatial intensity function Af:gs. In Section 2.4 we described a smoothing
step for the predicted spatial grid, which was carried out in order to
satisfy Assumption C.

Finally, Assumption D arises since our method does not involve
explicit edge correction. The computations in the particle filter are
approximate for territories and observations close to the boundary of
the finite domain D,,. This may entail some bias, which is small under
Assumption D. We investigate empirically the bias caused by the edge
effect in Section 3.2.

2.6. Extracting the number and locations of the territories from the output
of the particle filter

This section focuses on the final step of the framework of Fig. 1 and
describes how we extract the number and locations of the territories
from the filtering result. Our estimate for the number of territories at
time 7 is the marginal filtering distribution of the number of territories
at time 7, computed as follows. Denoting by n;, i = 1,2,...,p the
unique numbers of territories found among the M particles at time ¢,
the marginal filtering distribution for the number of territories consists
of the tuples (n, ), (3, m3), ..., (1, Ty), where z; is the sum of the
normalised weights of the particles having exactly n; territories. In
Section 3.4, we will summarise these distributions by taking their mean,
mode and standard deviation, and by computing probability intervals
1,, that is, intervals whose end points are given by the (100 — a)% and
a% quantiles of the distribution, where a is a given percentage point.

A common way to visualise the probabilistic location information
of an unknown number of objects is to plot the so-called probability
hypothesis density (Goodman et al., 1997) (PHD) of the filtering dis-
tribution, which in the present context corresponds to the expected
intensity of territory centroids. More specifically, the PHD is defined
for the territory centroids at time ¢ by

M
PHDGo) = 3w 3 f(n).

e

Here, w") is the jth normalised particle weight at time 1, l,(’ ) enumer-
ates the territories in particle j at time ¢, and f; is the ith density
in particle j at time . The densities f;, i € Ir(j), each represent the
knowledge about a particular territory centroid location within one of
the particles (hypotheses). In the context of our model, these densities
are either normal densities N(u;m i Cii)s with known means m i and
covariances C;; computed by our particle filter, or uniform densities
U(u; D,). The form of the density, uniform or normal, depends on
whether an observation has been ‘associated’ with a particular territory
centroid in the particle. For more details regarding this, see Section 1
of the supplementary material.

Our approach for visualising the territory locations differs slightly
from ‘standard’ PHD, and is as follows. First, we compute the PHD,
but with the f;;’s ‘at the observation level’, meaning that for terri-
tories associated at least once, f;; corresponds to the normal density
N(y;my;, Cj; + Zy). For territories never associated, we take f;(y) =
U(y; D,). After computing the PHD in this manner, we furthermore
truncate the PHD values from above to the density value N(0;0, X,).
This value corresponds to the maximal contribution to the PHD value
from a single territory which is known to exist and whose location has
been estimated with maximal precision. In Section 3.4 we will visualise
the estimated territory locations on the map using this computation.
The rationale for this procedure is clearer visualisation of the regions
where the filtering algorithm places the territories.
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In Section 3 we focus mostly on the estimation of the number of
territories, because it is relevant from the point of view of assessing the
reproductive capacity of a wolf population. The number of territories
is also easy to work with from a model validation perspective, since
it is straightforward to compare it numerically to ‘ground truths’ of
simulation experiments and to results of other estimation methods. In
contrast, the PHD is important for graphical validation, visualisation
and interpretation of the filtering result.

3. Results

We first discuss results regarding the observation intensity mod-
elling in Section 3.1. We then move on to the experiments with the
data generating model and the developed particle filter, starting with
a synthetic scenario in Section 3.2, and then moving on to a semisyn-
thetic scenario in Section 3.3 that resembles the situation with Dataset
C but is still based on simulated observations. We conclude with the
real data scenario based on Dataset C in Section 3.4.

3.1. Tassu observation arrival intensity estimation

Fig. 3 displays the estimated intensity functions /li’b) and 2% as well
as the predicted spatial effect of the intensity model (2). Based on the
figure, the temporal intensity function /lgj) is seen to capture the rise
in observation intensity in the winter time, and the spatial intensity
function iiﬁs especially accounts for the high observation intensities in
western Finland.

The overdispersion of the Poisson regression modelling of the ob-
servation intensities (Eq. (2)) fit was 1.83. After accounting for the
overdispersion the yearly effects were not statistically significant (at
5% level), but monthly effects were clear: The fluctuations with respect
to the baseline month of April ranged from a 78% (95% confidence
interval [54, 91]) reduction in May to 371% ([206, 592]) increase in
November, with smooth transitions in between.

The CORINE landcover variable effects were mostly increasing.
When considering a 1% increase in the proportion of each cover class
in turn, the estimated increase in intensity was: Cultivated fields 19%
([9, 29]); Closed forests 18% ([8, 28]); Open forests 16% ([7, 271);
Rivers and lakes 16% ([6, 26]); and Other wetlands 19% ([10, 30]).
Effect of larger roads was not significant, but a 1% increase in forest
roads increased the intensity by 5% ([1, 8]). The smooth component
was significant, with a clear reduction effect in the central region and
an increase in the west, south-west and south regions.

The explained deviance was 12.6%. For diagnostics we first checked
the Pearson residuals aggregated at a month resolution, dropping the
spatial dimension (see Figure 4 in the supplementary material). The
cell counts showed slightly higher proportion of 0’s than the model
predictions, otherwise the overall quantiles were reasonably matched.
There were no obvious patterns in time, apart from a potential posi-
tive trend during 2015. The residual variability was the same during
2011-2016 with only GPS tracking auxiliary territories and during
2017-2019 when both auxiliary territory-types were available. Pearson
residuals exceeded +-2 during five months (2014-10, 2017-12, 2018-
01, 2018-09, 2019-02) with no clear pattern, with three over-estimates
(predicted v observed counts: 39 v 14, 257 v 175, 543 v 475), and two
under-estimates (6 v 21, 9 v 21).

We then studied the Pearson residuals in space without the time
dimension. To visually check troubling areas we aggregated the ob-
served and predicted counts to 10 x 10 km cells. Observed counts had
again slightly larger amount of 0’s, and also some higher-than-expected
values, the latter mostly from the 2017-2019 period. No obvious spatial
structure was visible in the Pearson residual map, with large residuals
dotted around the domain (see Figure 4 in the supplementary material).
We checked a version where the largest count in the temporal sum per
cell was omitted (before aggregation in space). The residual sizes were
greatly reduced (max.abs. from 12 to 3). This sensitivity suggests that
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the observation counts are more concentrated in time and space than
what we can capture with the model. Additionally, spatially contigu-
ous regions of underestimation, particularly on the west coast, were
revealed, indicating insufficient information in the spatial components
of the model. A further check of before and after 2017 spatial sums
revealed a tight cluster of unexpectedly high observation counts in the
border region of eastern Kainuu.

3.2. Synthetic scenario and the edge effect

Our first territory estimation experiment is a purely synthetic, sim-
ple scenario. The purpose of the experiment is to ensure that the
estimation algorithm works correctly. We also investigate explicitly the
bias caused by the edge effect, as discussed in Section 2.5.

In this experiment we skip the intensity modelling discussed in
Sections 2.3-2.4 and focus on the filtering of simulated datasets. We
define the data generating model such that D, = [0,100] x [0, 100],
ADw) = 1and 20 (y) = 1 for all u € [0,50] and y € D, = R2. For
the remaining parameters we set Ay = 0.0015, 4, = 0, Ay, = 1. This
configuration corresponds to a simple scenario for our particle filter,
since there is no spatial inhomogeneity, and the largest approximation
in the filtering arises from the finite domain.

Under these settings, for all combinations of the number of particles
M € {128,256,512,1024,2048} and o, € {1,2,5,10,15} we simulated
450 datasets as follows. First, we simulated the territory locations from
the ideal birth and death model, and then conditional on the territories,
simulated the observations from the ideal observation model, each
time preprocessing the observations with the method discussed in Sec-
tion 2.5. The initial distribution for the number of territories in the birth
and death process was Poisson(20) truncated to the interval [10, 30]. For
each sampled initial territory, we set the uniform distribution on D, as
the initial distribution for the centroid of the territory.

We filtered each simulated dataset assuming that the initial distri-
bution above was known, and computed the deviations N, — N,, for
t = 1,...,50, where N, is the estimated mean number of territories
at time ¢ from the particle filter, and where N, is the true number of
territories for the dataset. We investigated the bias E[N, — N,], which
would be zero for an ideal Bayes estimator, by computing the empirical
mean of the 450 deviations per 7, M and o,,. Fig. 4 summarises the
results of this experiment. With a small territory size compared to the
size of the domain D,, we observe little or no bias in the estimation
of the number of territories, given that a sufficient M is used in the
filtering algorithm. For greater values of the territory size, the bias is
more significant and appears to only slightly diminish with increasing
M. This is expected, since with higher territory sizes, Assumption D of
Section 2.5 is more likely to be violated, leading to observations outside
or near the boundary of D,,.

3.3. Semisynthetic scenario and feasibility of territory estimation

Next, we consider a more realistic ‘semisynthetic’ scenario with
closer resemblance to the situation with Dataset C. In this scenario, the
idea was to fix the territory centroids to realistic locations, use plausible
parameter values and the intensity functions estimated as discussed in
Sections 2.3-2.4. We then simulated data to see how well the particle
filter can recover the true number of territories under a more realistic
setting.

More specifically, we assumed that D, corresponds to the domain
of the Tassu data (Fig. 2 top left), and the territory centroid locations
were fixed to the centroids (Fig. 2 bottom left) of the territories found
by Luke in the wolf population assessment of 2019. We further assumed
that each of these 47 territory centroids existed for a period of one year,
and that the territory count did not change.

We used the intensity functions in Figs. 3(c) and 3(b) as ASJS and
in the data generating model. To set the value for the territory

gbCI , we examined the shapes and sizes of the

(5)
A'.obs
size parameter X = o



S. Karppinen et al.

i 60000000
7.2x10
. 50000000
7.1x10
40000000
.
7.0x10
30000000
69x10°
20000000
68x10°
10000000
6.7x10’
0
2x10 3x100  4x10  5x100  6x10 710

(a)

apr | may | june | july | au

Intensity

sep

Ecological Modelling 472 (2022) 110101

10
7.2x10°
09
71x10° 08
07
.
7.0x10 06
05
69x10°
04
. 03
68x10
02
. "
6.7x10 01
0

g g g g g g
2x10 3x10 4x10 5x10 6x10 7x10

(b)

oct | nov | dec | jan | feb | mar

9
201920192019 2019|2019 20192019 |2019]2019 | 2020 | 2020| 2020

200 300

Time (days)

()

Fig. 3. Outputs of the intensity modelling of Sections 2.3-2.4. Plots (b) and (c) show the estimated spatial intensity function
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obs?

AL’;S and temporal intensity function respectively.

Plot (a) shows the predicted spatial effect A‘k‘) from the intensity model of Section 2.3 before applying the Gaussian blur as discussed in Section 2.4. The blur standard deviation

was set to o, = 13376.67 m and the domain of A:}:\ was additionally widened by 27 kilometres at the borders as discussed in Section 2.4.

territory (polygons) in Dataset B discussed in Section 2.1.2. As many of
these territories were noncircular in shape (see Fig. 2 (bottom left) for
some similar polygons) we estimated o, as follows. First, we computed
the 95% quantile, d;) o5, from the empirical distribution of the diameters
of the territory polygons in Dataset B. Then, we used Eq. (1) with
a = 0.95 to compute the o, value that corresponds to a radius of
dyos/2, yielding the value oy, = 13376.67 m. Here, the ‘diameter of
a polygon’ means the maximal length between any two points of the
polygon. This procedure guarantees that typical territories ‘fit’ inside
the 95% probability region of the territory model.

For the remaining filter parameters, we used the values A, = 1.0,
A = 0.475 and A,y = 0.0015. The choice of the relative values of A, and
A. here corresponds to a situation where 1% of the total observation
intensity is assumed to arise from clutter observations, when the spatial
and temporal intensity functions are constant one, and there are 47
territories for a period of one year.

The choice of 44 corresponds to a mean territory lifetime of m ~
667 days, a little less than two years. This choice averages between
the fact that in reality some wolf territories are short-lived, but some
can exists for years. The chosen value also a priori predicts reasonable
changes in the territory count over a period of one year, while main-
taining a good agreement between the ideal and approximate birth and
death models (see Figure 1 in the supplementary material).

With these settings, we simulated a total of 240 datasets for each
particle count M € {27,...,2'2}, and applied the particle filter to each,
estimating the mean number of territories at approximately weekly
intervals. Each time, the filter was initialised with the initial number
of territories following Poisson(47) truncated to [37, 57], with each
territory centroid initially following the uniform distribution on D,,.
Fig. 5 shows the deviations computed by subtracting the true number of
territories from the estimated mean territory count trajectories for each
simulation and all particle counts. In addition, the average deviation
and the average absolute deviation are shown. On average, the particle
filter appears to recover the true number of territories quite accurately.
With increasing numbers of particles, a slight underestimation of the
true territory count is revealed. The average absolute deviation further
indicates that the discrepancy from the true territory count is typically
less than 3 given that a moderate amount of data has been processed.

3.4. Application to the Tassu dataset

Next, we applied the developed particle filter with 16 384 particles
to Dataset C. As the initial distribution for the territory centroids, we
used the centroids seen in Fig. 2 (bottom left), with Gaussian noise with
covariance X, added to each. This way, the prior knowledge from the
population assessment of March 2019 can be utilised in the filter.
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Fig. 4. The estimated bias based on 450 simulations for each M, o, and t in the simulation experiment described in the text.
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Fig. 5. The true number of territories subtracted from territory count estimates (on black) obtained by applying the particle filter to 240 datasets simulated conditional on the
intensity functions in Fig. 3 and territory locations fixed to the centroids of the territory polygons in Fig. 2 (bottom left) for a period of one year. The orange and light blue lines
represent the average deviation and the average absolute deviation between the true territory count and estimates, respectively.

We report results for four model variants, as follows. Models 1
and 2 correspond to the same model configuration we used in the
semisynthetic experiment, but with Model 1 having 4, = 0. Models 3
and 4 correspond to models 1 and 2, respectively, but with another
set of intensity functions ﬂf;))s and Ags, obtained by dropping the terms
Corine, forestroad, and smooth(y,) from the intensity model (2), and

then estimating /lf;)s and Affb)s as before, as described in Section 2.4. The

resulting spatial intensity function in models 3 and 4 is constant one in
D,. For a plot of A9 and 2®)

obs obs
supplementary material.

for models 3 and 4, see Figure 2 in the

Fig. 6 displays the estimated territory locations, and Table 1 shows
summary statistics of the filtering distribution for the number of ter-
ritories based on models 1-4 at the end of March 2020, after the
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Fig. 6. The estimated territory locations (red) at the end of March 2020 and the territory polygons of the wolf territories in March 2020 (black) from the assessment by Luke.
Higher intensities of the red colour depict higher plausibility of a territory location. The intensity of the red colour is computed such that the opaque red colour corresponds to
the truncated PHD value discussed in Section 2.6. The individual maps show the results for models 1 through 4 from left to right.

Table 1

Mean, mode, standard deviation and probability intervals of the estimated distribution
for the number of wolf territories in March 2020. The estimate ‘Luke’ corresponds to
the estimate by the Natural Resources Institute Finland (Heikkinen et al., 2020). I,
denotes the a% probability interval.

Estimate Mean Mode St. Dev. Iy, Ios Iog

Luke 46.49 47 1.93 [43,50] [43,50] [41,51]
Model 1 49.44 49 1.55 [47,52] [46,52] [46,53]
Model 2 44.38 44 1.14 [43,46] [42,47] [42,48]
Model 3 55.47 55 1.60 [53,58] [53,59] [52,60]
Model 4 55.37 53 2.12 [52,59] [52,59] [51,60]

full Dataset C has been filtered. The computations underlying these
quantities were carried out as explained in Section 2.6.

The overlaid territory polygons in Fig. 6 correspond to the territories
found by Luke in the wolf territory assessment of spring 2020. The
plots show that each of the models 1-4 seem to find many of the
wolf territories found by Luke. However, it appears that models 1
and 3 with 4, = 0 place multiple ‘extra’ territories to central and
southeast Finland, that are not found among the official territories.
These territories are most likely not real wolf territories, since only a
small number of observations have been reported from these areas; see
Fig. 2 (top left). The territories most likely arise since the observation
intensity is low (see Fig. 3(b)), and perhaps underestimated in these
regions, causing the filter to attempt to explain these observations with
additional territories. Based on the plots for model 2 and 4, setting
A. = 0.475 seems to mitigate this issue a bit, as these observations are
no longer interpreted as real observations from wolf territories. We also
experimented with a higher value for 4., but this resulted in a territory
count distribution not well aligned with the count estimates by Luke
(see also discussion below). There is also no reason to believe that a
substantial proportion of the data would not originate from the wolf
territories.

Another observation from Fig. 6 is that models 3 and 4, with the
simplified intensity functions, seem to somewhat better capture the
cluster of territories in west and southwest Finland, in comparison to
models 1 and 2. This difference in the results occurs since the spatial
intensity function for models 1 and 2 assumes that in these regions, the
reporting intensity of the observations is higher than in other parts of
Finland. This in turn results in less territories being needed to explain
the observations arriving from these regions, under models 1 and 2.

Based on the territory count distributions summarised in Table 1,
the territory counts for models 1 and 2 are best aligned with the
estimate of Luke. In comparison, the territory count for models 3
and 4 is somewhat overestimated. Fig. 7 reports the sample standard
deviations of the obtained mean territory counts at approximately
weekly time points when we repeated the filtering of the Tassu data 195
times with the configuration of model 2 and different particle counts.
The observation is that the variability in the estimated mean territory

counts is seen to diminish with increasing numbers of particles, but still
remains noticeable even with 16 384 particles. We also experimented
with different 4,4, X, and intensity functions, but the phenomenon
persisted. In contrast, when a dataset is simulated from the model, the
results of this experiment are markedly different, as is seen from the
second pane in the figure. Similarly, there is also some variability in the
estimated territory locations. Figure 3 in the supplementary material
shows the estimated territory locations after 10 independent runs of
the filter to the Tassu data.

4. Discussion

We presented a statistical modelling framework for the analysis
of citizen science data from territorial animals. At the core of our
framework is the data generating model discussed in Section 2.2, that
consists of a birth and death model giving rise to the animal territories,
and an observation model that links the citizen science observations
to the territories. In the developed data generating model, the high
variability common to citizen science observation processes is modelled
through a temporal and a spatial intensity function, which are assumed
fixed and known. The Rao-Blackwellised particle filter described in
Section 2.5, estimates the sequence of filtering distributions for the
locations and number of territories that describe the knowledge of the
animal territories in time as more data is brought in.

We found that the fitted intensity model and the estimated intensity
functions were able to capture general trends in the arrival of the
citizen science observations as is seen from the estimated intensity
functions in Fig. 3. Clearly, the model captures the higher arrival
intensity of observations in the winter, which mainly occurs because of
snow that leaves wolf tracks visible for potentially long periods of time.
The estimated spatial intensity function, on the other hand, captures the
high intensity of observations in western Finland and the low intensity
of observations in middle Finland compared to other regions.

The intensity model did, however, struggle to explain some charac-
teristics adequately. For instance, sometimes the observations arrived
in unexpected bursts, or were highly localised in space, and these
features the model was not flexible enough to capture (cf. Figure 4
in the supplementary material). A potential remedy for this might be
the addition of random effects e.g. an additional noise component to
each spatial pixel, but it would be better to include interpretable rare-
event overdispersion components based on the social analysis of the
mechanisms for reporting the wolf observations. In fact, the outliers are
worth a closer look to gain such insight. The model also struggled with
an excess of 0-count cells due to how the conditioning on the auxiliary
territories in Dataset B was constructed.

Another improvement for the intensity model could be a zero-
inflation component with its own regression structure on, for example,
environmental covariates. However, an even better option would be to
forgo the aggregation and model the data as a spatio-temporal (marked)
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Fig. 7. Sample standard deviations over estimates of the mean territory count obtained by running the particle filter 195 times to Dataset C (Tassu dataset) and a single simulated

dataset, for varying numbers of particles M.

point pattern (Sicacha-Parada et al., 2021; Tang et al., 2021). Modelled
this way, events such as an observation being exactly on a road, or
snow cover of previous days would not be averaged out, yet coarser
resolutions for downstream analysis could still be easily computed.
Other possible improvements include using the type of observation
(sightings, paw prints, game-cameras etc.) in the intensity model and
the improvement of the process of deriving the auxiliary wolf territories
from the GPS trajectories. Finally, it might be beneficial to investigate
the possibility to relax the space-time separability assumption, which
would allow for the incorporation of weather data such as snow cover
and/or allow for individual time trends for western and eastern Finland,
for example. Such complex models could then be estimated from longer
period or more frequent observation series, if available.

Our synthetic experiment in Section 3.2 investigated the mean terri-
tory count estimates of our particle filter under a simple data generating
model, and found that our method works as expected when Assumption
D of Section 2.5 holds. With high territory sizes, this assumption is
violated, and there is some bias in the estimation of the mean territory
count. This edge effect arises due to the finiteness of the domain D,,.
In particular, the violation of Assumption D reduces the accuracy of
the approximation (25) (in the supplementary material), which likely
causes the bias. In this experiment, territory parameters on a scale of
1%-2% of the width of the rectangular region led to small bias. Noting
that the distance between the western and eastern borders of Finland is
approximately 500 kilometres, we therefore expect that the bias caused
by the edge effect should be small in the realistic experiments discussed
in Sections 3.3-3.4.

The semisynthetic experiment of Section 3.3 showed that under
realistic conditions resembling the situation with the Tassu dataset,
the estimation of the territory count is possible. There was a slight
underestimation of the true territory count with increasing numbers of
particles, which we think occurs because of the discrepancy between
the scenario and the ideal model, or the approximations used. This
experiment was a proof of concept that showed that the territory
estimation can be feasible even with presence-only data, when the
model is correct.

While experimenting with different parameter values for the data
generating model, we found that in general the model and especially
the count estimation is most sensitive to the values of the territory size
parameter X, and the intensity functions, and least sensitive to the
choice of the constant and equal birth rate 4,4. This is expected, since
large territory sizes increase the probability of an observation being

associated with a territory that is far away, decreasing the relative
probability of a new territory emerging. In a similar vein, the intensity
functions are directly tied to the amount of territories needed to explain
the number of observations arriving. With a fixed dataset, lowering the
observation intensity results in more births, since a higher number of
territories is then needed to explain the data.

The concluding analysis in Section 3.4 applied the developed data
generating model and particle filter to analyse citizen science obser-
vations of wolves from April 2019 to March 2020. The results show
similar patterns as the counts and locations reported by the Natural
Resources Institute Finland (Luke) in the official assessment of March
2020. However, the results do not reach the accuracy of expert judge-
ment. This cannot be expected, because the official assessment also
incorporated additional information sources, such as DNA samples, GPS
collared wolves and mortality records.

Based on Table 1, the inference of Model 2 incorporating the
estimated spatial intensity function and clutter observations resulted
in a slightly smaller estimated territory count and smaller variability
than the official estimate by Luke. In general, such differences can occur
because the estimates of Luke are based on a very different model and
assumptions, and also take advantage of additional data. When using
the citizen science data only, it is also possible that the particle filter
might not find territories which rarely produce observations, leading
into underestimation of the territory count. Furthermore, the uncer-
tainty reported by the particle filter can be underestimated, because
the results are based on a single particle filter run. If Monte Carlo
variability is taken into account, the uncertainty is inflated (see also
discussion below).

We noticed that with models using a constant one spatial intensity,
the cluster of territories in the west and southwest Finland was captured
better than with models that used the estimated intensity functions, as
was seen from Fig. 6. This might suggest that the observation intensities
in the more complex models are overestimated in these regions at
the time of the observations arriving. Indeed, based on the Pearson
residuals in Figure 4 of the supplementary material, the intensity model
fit could not capture all of the variation in these regions. Despite this, it
appears that using the spatially varying intensity improves and is likely
a requirement for the accurate estimation of the territory count. This is
supported by the territory count distribution in Table 1, which indicates
that the territory count estimates of the more complex models were
better aligned with the official territory count estimates of Luke.
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In general, we found that estimating the territory count and lo-
cations of the territories reliably is challenging by only using the
citizen science observations from the Tassu database. The challenges
faced may be partly explained by unsatisfactory observation intensity
modelling, but it appears that the inference algorithm is also strug-
gling with real data. Fig. 7 (and 3 in the supplementary material)
show repeated runs of the filter in our concluding analysis, indicating
some Monte Carlo variability. We believe that the main challenge for
the inference is the presence-only nature of the observations. These
observations are quite informative about the births of new territories
since a territory needs to exists so that an observation may occur. In
contrast, the observations are not very informative about the deaths
of the territories, because the information about a death of a territory
is indirect and only mediated by the absence of observations arriving
from a particular area. This difficulty with the data might explain
the Monte Carlo variability in our particle filter, and further suggests
that it could still benefit from further specialisation to the territory
estimation task. For instance, this specialisation could come in the form
of further heuristics that eliminate territories more efficiently, when no
observations have been associated for a long time.

All in all, we think that the results obtained suggest that the de-
veloped modelling framework might be useful as an additional tool
in the annual wolf population assessment, reducing the amount of
subjectivity in the estimation process by providing a preliminary sta-
tistical interpretation of the citizen-made observations. Integration of
the DNA samples, GPS collared wolves and other data with the results
of the particle filter would still remain a task for the panel of experts.
Our analysis with Datasets A, B and C of Section 2.1 showcased the
intended use of the modelling framework in the context of the wolf
population assessments. First, the intensity functions required by the
data generating model are estimated based on the latest historical
data. Then, the particle filter is initialised with the territory count and
location distribution available from the latest population assessment.
Finally, the yearly observations are analysed in a batch to obtain a
model-based view on the status of the wolf population at the time of
the next population assessment.

Filtering a year of data from April 2019 to March 2020 allowed both
the comparison to the official wolf population assessment of 2020 and
the use of prior information from the assessment of 2019. However, this
yearly batch estimation is not the only way in which the developed
data generating model and particle filter could be used. In fact, one
of the motivations for the development of the data generating model
and the particle filter was that the developed modelling framework
could also be used in an online fashion. This way, smaller batches of
new observations could be used to update the posterior distribution of
the territory locations and track the population in finer timescales. In
the context of the wolf territory estimation, the results from such an
online estimation could provide dynamic feedback for the volunteers
collecting the data, highlighting that their work is important. Such
feedback might also be used to direct the effort of the volunteers to
areas with the most uncertainty about the existence of territories.

We envision that our modelling scheme could also be a noteworthy
tool for refining the population assessment of other large carnivores.
For example, the female Eurasian lynx (Lynx lynx) are known to
show territorial behaviour with cubs. This could be exploited in the
estimation of lynx reproduction. It might also be possible to couple
the developed framework with other developments for assessing animal
populations, such as the spatial capture-recapture (SCR) model which
estimates wolf density based on DNA samples (Bischof et al., 2020).
For example, the two approaches might be used sequentially. The SCR
model could be used first to estimate the spatial wolf density based
on DNA samples, and then the density could provide another source
of prior information about potential territory locations for our data
generating model. On the other hand, in case that the DNA samples
are collected by volunteers, the modelling of the sampling effort in the
SCR model could be done by similar techniques as in this work.
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Besides the context of territorial animals, our methods might be
relevant in target tracking where the modelling of the temporal and
spatial variability of the observation process is required. The methods
may also be regarded as a form of ‘dynamic clustering’. In different
applications, the modular nature of the developed framework can be
exploited to carry out the intensity modelling in a way that fits the
application.

There are a number of ways how the developed data generating
model and the inference algorithm could be improved in future works.
The core of the filtering computation consists of evaluating the pos-
terior probabilities for the birth, death and association variables (see
Section 1.6 of the supplementary material). The main approximations
made in the computation arise from the intractable integrals related to
the spatial domains D, and D, and the spatial intensity function 13))5.
We concentrated on the situation where ﬂffb)s may be assumed to be
slowly varying by Assumption C, allowing for straightforward approxi-
mation of the intractable integrals in the probability computations and
the measurement update. Introducing a numerical integration scheme
could mitigate the bias from the approximations in the former. It might
also be possible to incorporate a ‘no-overlap’ condition to the model
that penalises large ‘overlaps’ of the territories.

The developed particle filtering approach assumes fixed parameter
values. Even with the limited and noisy citizen science data, it might
be possible to estimate some parameters of the data generating model,
such as the intensity scaling parameter A.,, and/or parameters related
to the birth and death intensity functions A, and A4. This could result in
a better fit of the data and model, and might result in improved location
and count estimates. In theory, estimating the model parameters is
possible using for example the particle marginal Metropolis-Hastings
algorithm (Andrieu et al., 2010) similar to Kokkala and Sarkka (2015).
Using these methods would however require the derivation of an
unbiased estimate of the marginal likelihood of the observed data under
the employed optimal resampling scheme of Fearnhead and Clifford
(2003). For the current model and a moderate to large dataset, such
estimation procedures are also computationally intensive and would
likely require a tailored parallel implementation. The methods might
also be difficult to tune in practice.

The data generating model could, in principle, readily incorporate
moving territories as well, perhaps using an Ornstein—Uhlenbeck-type
movement model as in the work of Johnson et al. (2008). We did
not attempt this with the wolf territory estimation, because our main
interest was in immobile territories. In addition, we suspect that the
additional flexibility in the model allowing for movement would make
the inference task substantially more difficult or even infeasible. Fur-
thermore, we do not believe that in our dataset each territory is
observed frequently enough to make the inference with an additional
movement model practical.

The observation model could also be further refined. We did not
separate between the different observation types, but some observa-
tion types can be more reliable than others and may be subject to
different observation intensity (‘detectability’); consider for instance
tracks vs. sightings. We chose to simplify since we do not believe that
adequate intensity estimation is possible for the different observation
types separately with our dataset. In another context, however, it
would in principle be possible to modify the observation model to
also accommodate different observation types. The intensity function
of the observation model (see Equation (5) in the supplementary ma-
terial) could be augmented with ‘independent data streams’ for the
different observation types, each with their own spatio-temporal and
clutter intensities. This could lead to interesting observation models,
such as ones that designate higher clutter intensity for more uncertain
observations types such as sightings.

Another means of model improvement are more fine-grained birth—
death models. In ecological applications, for example, further informa-
tion such as mating seasons or typical lifespans of the species could
be encoded into the birth and death intensity functions A, and A4
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in the general model described in the supplementary material. How-
ever, these kinds of models would likely achieve their full potential
when coupled with parameter estimation discussed above. In our wolf
territory estimation, we did not investigate time-varying birth/death
intensity functions and opted for a model where a territory can emerge
at any time. Even though wolves only reproduce in the spring, new
wolf territories can form at any time of the year when vagrant wolves
pair up and establish new territories. Furthermore, the majority of the
citizen science wolf observations are made in the winter time, and it is
possible that the first observation from a territory formed in the spring
comes later, in the winter.
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1. MATHEMATICAL DETAILS OF THE DATA GENERATING MODEL AND PARTICLE FILTER

This section gives more thorough mathematical descriptions of the ideal model, its approx-
imate version and the particle filtering algorithm (Sections 2.2 and 2.5 of the main text, re-
spectively).

1.1. Ideal birth and death process. The birth and death process governs how the territories
emerge and disappear in a time interval of interest, which we denote by [0, 7). In this section,
we will use natural numbers to distinguish between the territories. This numbering of the
territories is arbitrary and exists mainly for the purposes of this section as a convenience for
describing the model.

Let uij ) be the territory centroid of territory j at time t € [0,7"). Recall that we assume
that the territory centroids are constant; the time subscript will be relevant later. At time 0
we assume that the initial number of territories Ny follows some distribution on the natural
numbers. Conditional on Ny, the density of the territory centroids has the form

No .
H fl (/‘Lg))v
i=1

where each (known) component f; is either N (,u(()i); z;, %;) (truncated to D,,) with some known

location estimate x; and constant diagonal covariance matrix 3;, or Unif(D,,), where D, is the
domain of the territories. We enumerate these initial territories from 1 to Ny (in some order),
and in general we will denote by [, the birth time of the jth territory, and by ¢; the death
time of the jth territory.

With these definitions, the indices of the territories alive at any time ¢ are given by

Li={jeN:3;<t<d}
and in particular, Iy = {1,2,..., Ny}. Furthermore, in general we will denote the number of

territories at time ¢ with Ny, noting that N, = |I;|, the cardinality of the set [;. For any new

territory j € IN emerging at time ¢, the territory centroid uij ) follows Unif (D,,).
We assume that for the territories j = Ny + 1, Ny + 2,... (since §; = 0 for all initial
territories), the birth time 3 has the cumulative distribution function

j—1

1

(1) P(5; <t)=1—exp (— /[: b ()N, + /\bodu>, for t > B4
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where A (u) is a birth intensity function that gives the birth intensity induced by a single
existing territory at time u, and Apg is a constant baseline birth intensity. Here, it is assumed
that the probability of a new territory being born increases with growing number of existing
territories, modulated by the function Ay, which can for example be used to model seasonal
variation in the amount of new territories appearing.

Based on (1), it follows that

(2) IP(B] S t | BJ > T) =1- exp <—/ Ab(U)Nu + )\bo du)7 for ¢ Z T > ijl-

This corresponds to the probability that the jth territory is born before time ¢ given that it
has not been born before time 7.

Similarly, but independent of the other territories, we assume that each territory dies with
rate given by the death intensity function Aq(u). This means, that the time of death for
territory j, d;, has the cumulative distribution function:

(3) P(6; <t)=1—exp < /ﬂt )\d(u)du>, for t > B,

which again gives
¢
(4) P(6; <t|o;>7)=1—exp (—/ )\d(u)du>, for t > 7> p;.

Note that the number of territories N, in the birth and death process described by (2) and
(4) depends in principle on all births and deaths, but the process can be simulated sequentially
by applying the inverse distribution method, because N, for u < 3,41 depends only on (f;, ;)
for j < n.

The absolute values of the birth and death rates are related to the ‘persistence’ of the model:
lower values mean fewer births and deaths. For constant rates \,(u) = Ap and A\g(u) = Aq, it
holds that:

e If \yp =0, and N\, = A\gq > 0, then (V) has constant conditional expectation, given that
N, has not reached zero yet.

o If A\, > Ay, then the process N; can drift to infinity; in case A, > 0, then it almost
surely does.

o If \yp > 0 and A, < A4, then the process N; has a nontrivial stationary distribution.

1.2. Ideal observation model. Conditional on the territory lifetimes consisting of the loca-
tions of the centroids pjo ) and indices Ijo 7, we assume that the observation times and locations
are generated by a three-dimensional inhomogeneous Poisson process (IPP). The intensity of
the IPP is assumed to depend on a time-varying intensity function )\(()gs and a spatially varying
intensity function )\((i)s, which are key in accounting for the spatial and temporal variability
in citizen science observation processes. We allow for two types of observations: observations
that originate from the territories, and observations that are “erroneous” clutter observations
that do not originate from any territory. The total intensity at time u € [0,7) at the point
y € Dy, CR? (D, C Dy) is assumed to be

(5) Aobsiot (1Y | Lus 1) = O Aas MG (@) N (53 1, Zans) AGL (1Y) + AAGL@)U (53 Dy)AGL (),

i€l
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where N(y;z,X) and U(y; Dy) are the Gaussian density with mean z and covariance ¥ and
the uniform density with domain Dy, evaluated at the point y, respectively. The parameter
Yobs controls the territory size, and the parameters Aq,s and A, scale the relative intensity of
the territory and clutter observations, respectively.
It follows from (5) that the likelihood function for the observation times 7 (0 = 75 < 71 <
- < 1 < T) and locations y (y1, s, .. .,Yx) is given by

(6)

%

K
p(Tl:K: yl:K‘I[O,T): N[O T [H )\obs tot Tka Yk | ITk? ,Uw'k €Xp ( / / obs tot u x)dde>]
Dy

X exp < / / obs,tot (U, T) dudx)

where the dependence on the parameters is left implicit for brevity.
For the purposes of the filtering algorithm described in Section 1.6, we note that we can
decompose this likelihood as follows

where

with

(8)

p(TLK,y1:KU[0,T),M[o,T)) = p(ﬁ:K | ][o,T), M[O,T))p(yLK | T1:K I[O,T)»,U[O,T)))

p(mix | Loy, o)) = /KP(T1:K7Z/1;K | 10,7y, pjo,r))dyndys - . dyxe
D

y

K -
[H Aobs,tot (Tk | ITkv ,u‘rk) exp <_ / / Aobs,tot(ua x)duda:)]
k=1 Dy J1j1
T
X exp —/ / Aobs tot (U, T)dudz |,
Dy TK

)\obs,tot(Tk ’ ITk?/*’LTk) - / )\obs,tot<7—ka Yy ’ Irk»llrk)dy

Dy

Furthermore, we remark that

K

p(yl:K | T1:K I[O,T)7 ,U[O,T)) X H )\obs,tot (Tk7 Yk | ]Tkv /-L‘rk);
k=1

which allows us to write

where

with

(Iry,)
Py | cry pir,*) o {

K
IT
p(yu( \ Tl:KaI[O,T)a,U[O,T)) = H (yk ’ M 2 )
k=1

(Ir;,) (Ir),) (I,)
plue | ™) = > plew | ™ )plue | cx pn™),

CkE{O}UITk

U(yi: Dy) Aok (), cr =0
N(yx | s, Eobs)Afjfs(yk), otherwise,
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and
Loy AN () [, Uy DAL () dy, =0
(10) plek | pr*7) ox () : (cx) (s) :
AObS)\obs<Tk> ny N(y ‘ My, aZobs))\obs<y)dy, otherwise.

Here, the variables ¢, are ‘association variables’ which denote the territory (or clutter, in case
cx = 0) from which the observation y, originated from.

1.3. Time discretisation and data preprocessing. We begin our discussion of the time-
discretised approximate model by discretising the time interval of interest, [0,7"), to intervals
Ay = [ty—1,t;) such that the maximal length of any Ay is Ay and the Ag’s need not be of
equal length. When the discretisation is fine, we may use the simple Euler-type approximation
to approximate the integral of a function f:

(11) AL f () ~ / " f(u)du Al f(t).

Discretising [0,7) with the maximal interval length set to A, introduces a new set of
observations ¢z, each of which is either of two different types: the observation can contain both
the observation time and a location datum, that is, g, = (&, k), or in case two observations
are more than A,, apart, only the time point, that is, g, = (¢x,?). We will refer to the second
type of observations as discretisation points. Furthermore, we introduce auxiliary variables
E, =0 or E, = 1 to differentiate between these two types of observations, that is, £, = 1
when observation k is a discretisation point.

By Assumption A in Section 2.5 of the main text, we assume that the observations arrive
sequentially. With the wolf data, as discussed in the main text, the observation times are
not recorded accurately, leading to data which is pooled with a granularity of approximately
one day. Because of this, we introduce a data preprocessing step given in Algorithm 1, that
artificially disperses the pooled observations in time by dividing the time horizon [0,7) to
intervals of length A,,.x and places the observations (if any) within each interval equidistantly
in random order. If no observations fall within any such interval of length A,,.x, the process
also adds a discretisation point, ensuring that |Ay| < Ay for all k. With the wolf data, we
set Apax = 1. The preprocessing of the data introduces a bias, which is small, because its
effect on the intensity of the arrival times of the observations will in practice be small.

After the preprocessing step, we denote the obtained time-discretisation with 7 = ¢z, where
to = 0 and t;z = T'. If the preprocessing step is not required (that is, the data has accurate
time stamps), 7 can be interpreted as the original dataset that simply has discretisation points
added as required. Note that a discretisation point may also need to be added to the data in
the case that the filtering distribution at a certain time point is of interest. In the following
sections, we will assume that 7 is distributed according to the IPP of Section 1.2.

1.4. Approximate birth and death model. The exact transition probability for the birth
and death process of Section 1.1 is intractable, since there are an infinite number of possible
birth and death scenarios that could potentially occur during each A,. Under a fine time
discretisation, the following simplifications are justified:

(i) At most one birth can occur during any Ayg.

(ii) At most one death can occur during any Ay.

(iii) It is not possible for both a birth and a death to occur during any Ay.
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Algorithm 1 The preprocessing algorithm for pooled observations; ); denotes the vector of
observations falling to the interval [Apax (i — 1), Apax?).

Set k=0
Set T, = 0.0
fori=1,2,...do
nf = max{1l, #V;}
if #);, =0 then
Set yr+1 = ¢ (‘no observations’)
else
Set Yrt1kinr < Vi (by picking a random order)
end if
forj=1,...,nf do
Set tk+j = Tcu'r + Amax/n;‘
Set Tewr = tk+j
end for
k< k+n}
end for
return locations y, timepoints ¢

Note that the events where the number of births or deaths is more than one have probabilities
of order |Ax|? in contrast with a single birth or a death, which has a probability of order |Ay].
Furthermore, in light of the data preprocessing described in Section 1.3, the maximal value for
any |Ag| is controlled by Aax.

To construct the approximate birth and death model, three probabilities must be specified
with respect to the time interval A: the probability that a new territory is born, the probability
that territory 7 dies, and the probability that the amount of territories remains the same.

We define the probability of a birth, pyiwm, by setting

Prirth := P(at least one birth occurs during Ay)P(no deaths occur during Ay)
~(1- ef‘Akl()‘b(tkfl)Ntkfl+)\b0))eflAkl)‘d(tkfl)Ntkfl,

where we have used (11) to approximate the integral in (2). Here, pyiy, is defined conditional
on no deaths occuring, by assumption (iii).
Similarly, we define the probability for the death of territory i, pgeatn, as follows:

Ddeath := P(no birth during Ay)P(at least one death during Ay)/Ny, _,
~ e*\Ak\(Ab(tkfl)Ntk_l+>\b0)(1 _ ef‘Ak‘Ntk_l)\d(tk—l))/Ntkil7

where we have again used (11) on (4) to compute the last term. Here, the probability of at
least one death occuring during Ay is distributed evenly among the territories that were alive
at time t5_1.

Finally, the probability that no births or deaths occur, ppothing, is the complement of ppirn
and (Ny,_, times) Pacath:

Puothing = 1 + 9 1AKI((Ab (tr—1)+Ad (te-1)) Nty _y +Ab0)

— 1Ak a1 Ny g o= AR (tr—1) Ny, +Xb0)
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To summarise, the approximate birth and death model can be written as the discrete probability
distribution:

Phbirth bk == ]., dk =0
eath by, = 0, d I
(12) plody | I, ) = { P D8 G € s
pnothing; bk = O, dk =0
0, otherwise,

where b, € {0,1} indicates whether a birth occurs during Ay, and dj, € {0} U I, | indicates
which territory (if any) died during Ay.
Given the values of b, and dj, the value of [;, is deterministic,

Itk_1UL7 if b, =1,d, =0
(13) Itk = ]tkfl \dk7 if bk = 0>dk € Itk,l
L, .. ifby=0,dy =0,

where L is the next index in the numbering of the territories. Finally, the centroids of the
territories alive at time ¢, are given by:

(I+,) (It),_4) I i .
(14) /’Ltk § | /’Ltk,kl 7bk7 dk = Miki’cfl\{ }), bk = 07 dk ENAS Itk—l
e by =0, dy = 0,

where fiyew ~ Unif(D,,).

The approximate birth and death model behaves similarly to the ideal birth and death
process. Empirical evidence for this can be seen from Figure 1 which compares the sample
standard deviations of the number of territories at 365 time points spaced by intervals of
unit length. The standard deviations were computed over 50000 simulated trajectories for
the number of territories under the ideal and approximate models, when the initial number
of territories was each time set to 47. The figure depicts the models in the configuration we
use with the wolf data, that is, A\,(u) = A\g(u) = Apq for all u € [0,365) and A\, = 0. Note
that under this configuration the ideal and approximate model also have the same expected
numbers of territories at any time point. If higher birth and death intensities are used, |A|
should be decreased to ensure a good approximation.

1.5. Approximate observation model. We use (11) to approximate the inner integrals of
(7) and obtain the time-discretised likelihood of the observation times

p(% } (Ituu/tla ceey Itk7 Htk)) ~ H /\ObS,tOt(tk | It}mu’tk)
k:E,=0
(15) {k:E=0}

K
X Hexp ( — | Ak Xobs tot (e | i, /’Ltk))
k=1
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FicUure 1. Comparison of the standard deviations of the number of territories
between the ideal and approximate birth death models based on 50000 simula-
tions with small, constant and equal birth and death intensities. The interval
length |Ag| was set to 1 for all k£ in the simulation.

From here onwards, without explicit reference to Ej, we shall use p(t | I, , jtr, ) to denote the
individual factors of this approximate likelihood, as follows:

(16) p(tk | Itk“utk> - )\obs,tot(tk | Itk”utk) eXp ( - ’Ak|)\0bs,t0t(tk | Itka/’[/tk))y lf Ek - 0
(17) p(tk | [tk,,utk) = exp ( — ‘Ak‘/\obs,tot(tk ‘ Itmutk))v lf Ek = 17

where Aobs tot (tr | Ity » i, ) 1S given by (8) with 74 replaced by ;. Finally, the densities (9) and
(10) remain as in the ideal model, again replacing 7 with .

1.6. State estimation using a Rao-Blackwellised particle filter. Next, we discuss the
inference of the distribution of the territory centroid locations ,utit’“ ) for k = 1,2,..., K given
the observed data g. This section will only consider the time-discretised model detailed in the
previous sections, and therefore we will index the state variables interchangeably with time or
time index (that is, I;, = I, for example).

We are interested in the filtering distributions p(u,(f’“) | f.) for k=1,..., K. Let rj, denote
(bi, d., cx) for k> 1, and I for k = 0. That is, the sequence o, contains all knowledge about
the births, deaths and associations that occurred until time ¢, and the territory indices that
were alive at any time up to .
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The filtering distribution of the territory centroid locations given the data can be inferred
using a Rao-Blackwellised particle filter (RBPF) [cf. Doucet et al., 2001]. More specifically, our
method is very similar to the particle filter using the optimal resampling strategy described in
the work of Fearnhead and Clifford [2003].

A key building block of their particle filter is the computation of the posterior probabilities

P(Tk, Uk | Tosk—1, Y1:k—1)
Z P(Tkvyk|7“0k 1 Yrk— 1)

(18) (T | Tok—1,U1:6) =

We will next discuss how we can approximately evaluate the probabilities (18) in the context
of our model. To begin, we note that

(19) P(re, Uk | Tok—1, Y1k—1) —/Nk (Tmyk;/tk | T0sk—1, Y1ok— 1)d,uk )7
D

m
where DY* is the Nj-dimensional (Nj, = |I;]) Cartesian product of D,. Then, since I_; is
deterministic given rg.x_1, the integrand can be written as
(20) (Tk>yk7uk | T0:k—1, J1:k—1)
= p(bi, die | e ))p(p™ | by di P01, 1Pt | Ly p)p(er | ™oy | 1™, er),

where

Pl | bk, di o1, Y1) Hfi(u,i))

i€l

Here, the territory-specific densities f; are either N(+; m,(f), C’,gi ) where mk ,Ck are the predlc—

tive mean and covariance of territory ¢, which are functions of by, di, 7o.x—1, Y1:k—1, OF fl(/vc,C ) =
U(-;D,) in case the territory has not been associated with an observation yet. Next, we shall
consider the approximate evaluation of the integral (19), which by (20) can be written as

p(bg, dy; | Ik—l)/Nk P(Mgk) | bk, iy Tosk—15 Yrok—1)P(tk | Liy i) p(c | #kjk))p(yk \ M;(fk)vck)dﬂz(fk)
D

©w

Noting the cancellation of normalisation constants and factors in the product

I I
p(te | Li, p)p(cr | M;(gk))p(yk | M;(fk)ack),

(by Equations (9), (10) and (16)) a direct computation yields
/N)c p(u;(fk) | bkes dics o1, Yr—1)P (e | Tes b )p(ci | M;(CI )y | M Ik) )dﬂz(fk)
Du

(m:ﬂﬁwﬂm;WWWMM%MMOWHMM@WM

/@Hﬁ ) ex (= Ak Aabs A (1) Cov (1 ))IN (3 1™, D) =000y,

y’ i€ly
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where Cpy = Jp, A Y ())U(y: Dy)dy, Cy(p = Jp, A ) ()N (y; 1", Sops)dy and 1(-) stands for
the indicator function. The integral on the labt line can albo be written as

I1 / ") exp (| A Ao AT () o )
i€l \{cx }
1(cx>0)

[/ e i) 50 (= A Nabs A () Cor (i )N (s 1, Zons)! =g

= H I Z(Ck),

i€l \{ck}

which highlights the fact that territories not associated with y, each contribute fl(l) to the

posterior probability, whereas the associated territory contributes fQ(Ck) (given Ejy = 0 and y
not clutter).

To evaluate (21), we approximate the two different kinds of integrals I\” and I{*) in (22).
We will begin by considering the approximation of I”. Assume first that f; = N (m,(j), C,gl)).
Then, by using Assumptions C (twice) and D in Section 2.5 of the main text, we approximate

10 = | Nud;m?, ) exp (<] Ap Aobs AL (1) v (1)) Al
Dy

(23) ~ | N m? CO) exp (—[ A Aan A A (1)) dprl”
13

~ exp (= ApPobs M ph (tr) Ak (ml)).

Consider then that f; = U(D,). We approximate

LY = /D U (s D) exp (= Mg A AL () Cov (1)) )

(24) ~ /D U (15 D) exp (=8 oA (1) A (1) e

m

~ exp (—]Akp\obs)\g))s(tk)/

"

A (U () Du)duff)> ,

where the first approximation can be justified again by using Assumption C, and the second
one using the first order Taylor series exp (—z) ~ 1 — x (twice, first from left to right, then

from right to left). In summary, (23) and (24) together give the approximation for fl(i)

(25) 10~ {exp (—!AklebSAoﬁ 1) [, Mewlt VUG D, ) g ) it fi = U(Dy),
1~ s 7
ex (— | Ak P AT ()AL (m2)), if fi = N(m,Cy)),

where the integral in the first case can be precomputed.
Next, we consider the approximation of the integral IQ(C’“) in (22). First note that if Ey # 0

fler)

or ¢, =0, I, I 1(6’“) and we can use approximation (25). Otherwise, assuming Ej = 0 and
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cx > 0, and denoting
e (Mgng))N(yM ,U;(:k), Eobs)dﬁb Ck),

D,

I{*) may be approximated by

B = [ Fo (™) exp (—] AePobs Aph (8) O (1 ))N (s 1™, L) dpal™
Dy
T C, N ’ (Ck)azos C, (Ck) C,
(26) = s, [ e (AT 0) o i) b ) e
D, I

~ oxp (1AM AGL A | S )N s 1 Sone) g
Dy,

where the approximation may be justified by Assurnptlon C. Here, m,(c % is the mean of the

Gaussian distribution p(,uk | Yiw, rox) if fo, = N(my (c) , O, ()} (available from the Kalman
update step), and m( ’“) =y if fo, =U(D,). Furthermore,

K, it f, = N(mi™, o))

27 Foe ()N (s 16, Sne)dp™ ~
( ) Dy k( k ) ( k k b) 1/|DH|7 lf ka —U( H)7

where K l(c’“) is the likelihood of the observation, again available from the Kalman update step.
The approximation (27) is accurate when yj, is within D,,, and not close to its boundary.
Taking everything together, (19) equals

(b, di, | T )IAAE" O NU (s D)) =N ()0

obs obs

()]0

(28) . (e
x exp (—| A ALt Cr) [ T 1) 5,

1€l \ck

which we approximate using (25), (26) and (27). Note that in this expression, the values of by,
and dj influence the cardinality of the set I.

We utilise the approximate unnormalised probabilities in Equation (28) in the particle filter
of Fearnhead and Clifford [2003] which couples an exhaustive one step lookahead for each
particle with a clever resampling step that guarantees the uniqueness of the particles in each
filtering distribution and is optimal among resampling algorithms that minimise a squared
error loss function. A single step of the method, starting from a set of M weighted particles
and processing the next observation g, can be summarised as follows:

(1) For each particle, construct the set of outcomes that can occur to it in the next time
interval. For particle i in the case that Ej = 0, there are R(Njx—1) = O(N7_))
outcomes (consisting of all valid combinations of b, € {0,1},dy, € {0} U L x_1,¢cx €
{0} U L), where N;,_1 = |I;x_1|, the number of territories in particle i prior to
processing observation g. If Ep = 1, the values of ck do not have to be considered,
and R(N;j_1) = O(Nix_1). In total, there are K = Y21 R(N, ;1) outcomes. Denote
the (normalised) weights of these K outcomes (possible future particles) by ¢V, j =

., K. Bach (unnormalised) ¢U) is computed by multiplying the value of (28) for
the outcome by the original weight of the particle.
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(2) Compute the unique value for a constant, denoted by ¢, such that M = Zjil min (cq¥), 1).
This computation is discussed in detail in Section 1.7.

(3) Partition the new set of K outcomes to two sets, set 1 and set 2. For j =1,..., K, if
q%) > 1/c, place outcome j to set 1; otherwise place outcome j in set 2. Denote by L
the number of outcomes placed to set 1.

(4) Use stratified resampling to resample M — L outcomes from set 2. The stratified
resampling algorithm is given in Appendix B of [Fearnhead and Clifford, 2003].

(5) Output a set of M weighted particles that have been constructed based on the L
outcomes in set 1, each with original weights, and based on the M — L outcomes
resampled from set 2, each assigned the weight 1/c.

Each particle in the M output particles sampled by this method represents a hypothesis of
; .
(29) p(/‘L](@ k) | T0:k, yl:k) - H p(:ug) | TU:kvyl:k)v
JE€lk
where each factor of the product is computed as follows. If ¢; points to a territory that has
been associated at least once before, we have

(30) P |y, o) ~ N (il micy), O,
where m,(fi), C,gfi) refer to the mean and covariance available from the Kalman filter update

step, when the normal distribution p(u,(:’“) | bi, diy To.k—1, Y1.6—1) is updated with the observation
Y-

Similarly, if ¢; points to a newborn territory,
(31) PO | s o) 2 N (™ g, Zons),

when D, is large and y;, is sufficiently far from the boundary of D,. Finally, for j # ¢, we
have

p(M;(j) | Y1:k, 7nO:k:) - p(ugc]) ’ bka dka T0:k—1, yl:k—1)7
since the observation y; is only informative about the territory it was associated with.

1.7. Computing the constant c. The following computation was described by Fearnhead
and Clifford [2003]. Denote by J the set of normalised weights,

J=1{qW, ... ¢}

(M) z q(j)
I = J: 1 — ]_ < M .
K€ Zmln(ﬁ,)_

Jj=1

Furthermore, define

By splitting the sum in the definition for 7™) to two parts, the inequality in the condition can
also be written as

(32) K'B,+ A, < M,

where A, is the number of elements in J that are greater or equal to , and B, is the sum of
the remaining elements in J. The value for ¢ is given as follows

{M it 10D =
CcC =

33 ’
(33) (M = Ay )/ B, i 100 £,
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where ki, is the smallest weight in the set 7). The values of A, and B, (or determining
that /™) = )) can be found using a selection algorithm, which has an average running time of
O(M).

In the description of this algorithm, two helper routines given in Algorithms 2 and 3 (see
Cormen et al. [2009] p. 171 and p. 179, respectively) are used.

Algorithm 2 partition(array A, index 1, index u)
x = Alu]
1=101—-1
for j=1tou—1do
if Afj] < then
t=1+1
Exchange A[i] with A[j].
end if
end for
Exchange A[i 4 1] with Afu.
returni + 1

Algorithm 3 random-partition(array A, index 1, index u)

i = random(l,u)
Exchange A[u] with Al]
return partition(A, 1, u)

In Algorithm 3, random(l, u) draws an index at random between [ and u (inclusive). Algo-
rithm 2 returns an index k such that for the array A and index k, the condition

Alj] < Alk] for j=1,...k—1, and
Alj] > Alk] for j =k +1,... M.

holds. In other words, Algorithm 2 splits the elements in A to ‘partitions’ less than A[k] and
greater than A[k]. Note that the two partitions themselves are not necessarily in order, and
that here it is assumed that the array A is mutated ‘in place’. The only difference in random-
partition is that the ‘pivot element’ x is chosen at random between [ and u before calling
partition.
With the help of Algorithms 2 and 3, pseudocode for computing the constant ¢ is as follows:
e Initialise [ =1, u = M.
e Loop while [ < u || i # u.
— Partition the weights in ¢ by calling random-partition(q, 1, u). The output is an
index i. Set k = ¢[i]. Note that (34) holds for the array ¢ and index 1.
— Check if the condition (32) is satisfied for x. Note that A, = M — i+ 1 and
B, = sum(q[l : (i — 1)]).
— If (32) is satisfied, we know ki, < K, so we set u = i; otherwise we set [ =i + 1.

(34)

o If | > u, I™) = (): otherwise ki, has been found and M) # (. Use (33) to compute
the constant c.
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FIGURE 2. The temporal intensity function )\EQS (a) and spatial intensity func-
tion )\(()‘;)S (b) estimated for models 3 and 4 in Section 3.4 of the main text. The

computation was done as discussed in Sections 2.3-2.4 of the main text, but
with the terms Coriney, forestroad, and smooth(y,) dropped from the inten-
sity model (2). The domain of )\(()Sk'))s was additionally widened by 27 kilometres
at the borders as described in Section 2.4 of the main text.

FicUreE 3. Estimated territory locations obtained by filtering Dataset C ten
times with the filter configuration corresponding to model 2 in Section 3.4 of the
main text.
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Pearson residuals of monthly counts
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F1cURE 4. Fit diagnostics for the intensity model in Section 3.1 of the main text.
Top: Pearson residuals of monthly counts. Bottom: Observed counts (left) and
magnitudes of Pearson residuals of counts (right) in spatial cells of size 10x10km.
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ABSTRACT. The performance of the conditional particle filter (CPF) with backward sam-
pling is often impressive even with long data records. Two known exceptions are when
the observations are weakly informative and the dynamic model is slowly mixing. These
are both present when sampling finely time-discretised continuous-time path integral mod-
els, but can occur with hidden Markov models too. Multinomial resampling, which is
commonly employed in the (backward sampling) CPF, resamples excessively for weakly
informative observations and thereby introduces extra variance. A slowly mixing dynamic
model renders the backward sampling step ineffective. We detail two conditional resam-
pling strategies suitable for the weakly informative regime: the so-called ‘killing’ resampling
and the systematic resampling with mean partial order. To avoid the degeneracy issue of
backward sampling, we introduce a generalisation that involves backward sampling with
an auxiliary ‘bridging’” CPF step, which is parameterised by a blocking sequence. We
present practical tuning strategies for choosing an appropriate blocking. Our experiments
demonstrate that the CPF with a suitable resampling and the developed ‘bridge backward
sampling’ can lead to substantial efficiency gains in the weakly informative regime.

1. INTRODUCTION

Conditional particle filter (CPF) with multinomial resampling and backward sampling
(BS) [1, 33] can perform well with challenging state-space models and long data records
[23]. However, when the observations are weakly informative, its multinomial resampling
steps introduce excess noise, and when the dynamic model is slow mixing, its backward
sampling step has only a limited effect. The aim of this paper is to devise a more effective
CPF for such ‘weak potentials’ and slowly mixing scenarios, which arise for instance with
time-discretisations of Feynman-Kac (FK) path integral models.

Motivated by successes of CPF with BS (hereafter CPF-BS) in the discrete time domain,
we were interested to seek for a BS analogue which is stable with respect to refined time-
discretisations. It is relatively easy to see that the direct application of BS degenerates under
such refined discretisations, except for limited cases such as when the driving Markov process
admits jumps, such as considered in [26], or in a univariate case where the trajectories
can cross with positive probability. To address the inherent inefficiency of multinomial
resampling, we draw inspiration from the recent works of [2] and [5] where other types of
resampling are shown to be more effective for weakly informative potentials. Arnaudon
and Del Moral [2] propose a continuous-time version of the CPF with ‘killing’ resampling,
however, this is an idealised algorithm in the sense that practical diffusion models need
to be time-discretised. The work of [5] studies the stability of resampling for particle
filters (and not the CPF) as the time discretisation is refined. There, a new systematic
resampling method is proposed, which incorporates a ‘mean partition’ step, which has not
been developed for the CPF yet. The mean partition step does further decrease superfluous
resampling [5], and thus reduces the so-called particle degeneracy.
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The main contributions of this paper are as follows.

e We detail two new conditional resampling algorithms: the ‘killing’ and system-
atic resampling with mean partition (Section 5). These are conditional versions
of resampling algorithms, which are stable in the weak potentials setting (in the
continuous-time limit) [5]. We also detail a generic sufficient condition for condi-
tional resamplings (Assumption 7), which guarantees validity of the CPF (Theorem
2), and complements the result of [4].

e We introduce a new CPF with bridge backward sampling (CPF-BBS) (Section 6),
which may be regarded as a generalisation of BS to an arbitrary ‘blocking sequence,’
and which can avoid the degeneracy problem of CPF-BS with refined discretisations.

e The performance of the CPF-BBS relies on an appropriately chosen blocking se-
quence, which depends on the model at hand. Therefore, a significant portion of
our work focuses on finding practical, computationally inexpensive and robust tun-
ing criteria for choosing such a sequence (Section 7). We introduce a method for
blocking sequence selection that requires a small number of independent runs of the
standard particle filter for the model of interest.

Our developments related to blocking sequence selection can be of independent interest,
and potentially useful with other methods based on blocking, such as the blocked particle
Gibbs [29]. Systematic resampling in the context of CPF has been proposed before [4]
but not the more efficient mean partition version. Furthermore, [4] does not discuss or
demonstrate efficiency in the context of weak potentials, which is our primary motivation.

The CPF-BBS is a general method, but requires evaluation of and simulation from the
conditional distributions of (multiple steps of the) proposal distributions. In practice, this
typically means that the proposals are linear-Gaussian, arising for instance from a linear
stochastic differential equation (SDE). The latter can occur in single molecule studies [7],
and one of our numerical examples demonstrates how animal movement modelling based
on telemetry data [21] can be combined with a path integral model for the so-called step-
selection analyses [cf. 30]. Linear-Gaussian state dynamics are common with structural
time series models [14] too, and smoothing distribution approximations can lead to weak
potentials [cf. 32].

The CPF-BBS features ‘bridging’” CPF steps, which resemble the intermediate block
importance sampling suggested in [24], and the MCMC rejuvenation considered in [24, 3];
there are similarities also with the bridging particle filter suggested in [12]; see also [27]. We
believe that our approach is more efficient than direct importance bridging, and because
our approach can be intuitively related to a continuous-time analogue (through [5]), it is
expected to behave well with respect to refinement of time-discretisation, unlike the MCMC
bridging.

Our experiments (Section 9) demonstrate how the developed resamplings outperform
standard multinomial resampling in the weak potential setting, and we establish empirically
an order between their performance, which follows a similar pattern as the results of [5] for
the standard particle filter applied to FK path integral models. Empirical results using the
CPF-BBS show a significant improvement over CPF-BS in the weak potential setting, and
reveal how the method is stable with respect to refined discretisation. Finally, our tuning
algorithm appears to deliver blocking sequences that reach near-optimal performance with
little additional specification from the user.
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2. PRELIMINARIES AND NOTATION

We aim at inference of a probability density on X? with the following form:

(1) 7T(331:T) = U(Z:T)’ where T](%:T) = M1($1)G1(SU1) HMk<xk | ‘xkfl)Gk(l’kfl:k)

The model above, defined in terms of Mj.r and Gy, is often referred to as a Feynman-
Kac (FK) model [10]. Here, M;(x;) and My(xy | xx—1) define, respectively, an initial
distribution and ‘proposal’ transition densities of a Markov chain on X, and G; : X —
[0,00) and G}, : X2 — [0,00) for k > 2 are called ‘potential’ or ‘weight’ functions (see the
discussion below). The probability 7 is well-defined assuming that the normalising constant
Z = [n(xyr)derr € (0,00).

Above, and hereafter, ‘dz’ stands for a o-finite dominating measure on X, integers are
equipped with the counting measure, and product spaces are equipped with products of
the dominating measures. We use the shorthand notation for sequences: for {z;}:, {¢’};
and {2/}, we write 2,5 = (24,...,2), ¥y = (y@, ..., y®) and z(Ja W= (2 ,zém).
We also denote [N] := {1,...,N}. Test and potential functions are implicitly assumed
measurable.

The FK model can be seen as a slight generalisation of the hidden Markov model (HMM),
which has a latent Markov state Xi., with initial (prior) density m;(z;) and transition
probability densities my(zy | zx_1), and conditional independent observations yj., with
observation densities gx(yx | x). The posterior (or smoothing) distribution of Xi.7 | yi. is
of form (1) if we choose My, = my, and Gi(-) = gr(y; | - ). However, it is often beneficial to
choose another ‘proposal’ family M # my, in which case the ‘weights’ are G (z1) = ¢1 (v} |
x1)my(z1)/Mi(z1) and Gg(zg—1, zx) == gr(yi | xp)me(g | 2p—1)/Mp(xy | 21—1) for k > 2.

3. THE PARTICLE FILTER

The particle filter is a sequential Monte Carlo algorithm, which includes sampling from
Markov dynamics My, and resampling proportional to weights arising from Gj. The resam-
pling operation r(a**¥) | g(*M) defines a probability distribution on [N]" which depends
on non-negative ‘unnormalised weights’ ¢g\"“¥). That is, if A®N) ~ r(- | gN)) in [N], then
P(ACN) = g(EN)) = p(a(tN) | gON)) We will only consider unbiased resamplings [6] 7,
which means that for all j € [N]:

N
, 1
() il ()
(2) (;9 ) P (- |gN) {le;l = }—9
Algorithm 1 describes the particle filter targetting the FK model (1) using N particles,
and an unbiased resampling r(- | g®¥)). The boldface notation X\” = X and X,(ﬁrl =
(X ,gA’“ ),X ,521) stands for the latest particles augmented with their ancestors, generated

during the algorithm. In what follows, we use underline to denote ‘all particles” at one time
instant, so for instance X, = X S:N).
Consider then the following density on XM x [N]¥=1 which corresponds to all the

random variables generated during Algorithm 1:

T-1

N N |
@) (Mlairaur) = HMl(x% H (r(gk | Gily,)) HMkH(xi(ci}d | 5‘?1(;1’9))).
=1 i=1

k=1
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Algorithm 1 PF(r, My.p,G1.7,N)

Draw Xfi) ~ M (+) for i € [N].
Set X = Xf” for i € [N].
for k=1,.. —1do
Set W — Gk(X( ) for i € [N].
Draw Ag N (- | Wk ))
Draw X My (- X(A]g)) for i
j1 ~ M (- | ) for ¢ € [N].
A(> 7
Set X;(gil (X( : Xli+)1
end for ,
Set Wi = Gr(XY) for i € [N].
10: output (X(1 :N) AngN)le(:l’.:FN))

) for i € [N].

The normalising constant estimate calculated from X,., and A,.,_; in the output of
Algorithm 1, is defined as follows:

T

(4) ZA(%Ta%T 1) H( ZGk Xk )

k=1

Thanks to the unbiasedness of the resampling (2), the following ‘unbiasedness property’ [cf.
10] holds, which is key for the validity of particle Markov chain Monte Carlo [1]:

(5) E[2(Xy0, A1) (X)) = ZEq[f(X0r))-

Equation (5) holds for any test function f : X7 — R for which the expectation on the right
is well-defined, as long as the trajectory Xj., = X, (Bl 7) is chosen among all particles in a
suitable manner, that is, with suitably generated 1nd1ces Bi.r.

The most direct approach is to draw Bp ~ Categ(w(Tl :N)) with (unnormalised weights)

w(Tl) = GT(ng)), and to set the rest of the indices recursively by ‘ancestor tracing’: B =

A,(ch“). In our case, where the potentials depend on at most two consecutive states, it is
possible to replace ancestor tracing by ‘backward sampling’: for k=T —1,...,1:

(6) By, ~ Categ( v N))7 w/ii) = Gk(Xlgi))Gk-&-l(Xlgi)aXlgziTl))Mk—i-l(kaliH) | X )

The unbiasedness (5) was shown in [9] for ancestor tracing and multinomial resampling, and
has been extended for other unbiased resamplings [e.g. 1]. For the context of the present
work, we refer the reader to [31, Appendix D] for a proof of the unbiasedness in (5) assuming
only unbiasedness of resampling (2), and which accomodates backward sampling with any
resampling.

4. THE CONDITIONAL PARTICLE FILTER

The CPF introduced in [1] implements a w-invariant Markov transition kernel from an
input so called ‘reference’ path X*, € X7 to a newly chosen path X, € X”. The original
scheme of [1] assumed multinomial sampling with ancestor tracing, and [33] suggested,
in a discussion note to [1], that backward sampling may also be used (with multinomial
resampling); later an algorithmic variant of BS called ‘ancestor sampling’ (AS) [25] was
also introduced. In fact, the corresponding Markov kernels are reversible with respect to
7, and BS/AS is guaranteed to outperform AT in the asymptotic variance sense [4]. The
improvement has been found substantial in many empirical studies; see also [23] for a
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theoretical result supporting such findings. Finally, other resampling schemes are presented
in [4], but not the ones devised in this work.

Algorithm 2 presents a generic version of the CPF with N particles and with ancestor
tracing, using a generic conditional resampling 7®™. The conditional resampling scheme

Algorithm 2 CPF-AT(r®™ X%, By.r; My, Grr, N)

L (Xyp, Avr 1, Br) + CPF(r(®n) , Xiqy Bur; Mur, Gur, N)
2: Bi.r_1 < ANCESTORTRACE(A,.7 4, Br).
3: output (X1 s Bi. 1) where X1 = X(B1 7).

Algorithm 3 CPF(r®™ X* .. By.r; My, Gr.r, N)

B X7 and XV = X for i e [NV].

1: Draw XYBI) ~ M;i(-) and set X{

2: fork=1,...,T—1do

3. AS:N) FT(B;C,B;CJH ( ‘ Gk( 1N)))

4 Draw X]gz)_l ~ Myy1(- | X )) for i # Bji1 and set X]giﬁ“) Xii
. (4)

5 Set X,(;J)rl = (X,EA’“ ) Xng)ﬂ) for i € [N].

6: end for

7: Draw Bp ~ Categ(GT(X(leN))).

8: output (X7, A;.r_y, Br)

Algorithm 4 ANCESTORTRACE(ay.,,_1,bu)

forv=u—1,u— ,¢ do b, ea,(,b““)
output by.,_1.

draws the ancestor indices (on line 3 of Algorithm 3) conditional on the ancestor of the
reference. This makes it possible to write Algorithm 2 such that the reference trajectory
can be located at arbitrary indices By.7, unlike earlier formulations, which assume reference
at index 1 [e.g. 4]. The arbitrary reference indices turn out to be convenient for us, when
we introduce the bridge backward sampling CPF in Section 6. Definition 1 gives a sufficient
condition that 7®™ is a valid conditional resampling for use with Algorithm 2.

Definition 1. The conditional resampling scheme r®) (. | g:V)) is valid, if it is a condi-
tional of an unconditional unbiased symmetric resampling scheme r( - | g®*V)). That is, for
all g"N) > 0 such that Zév L g(é) >0, and all p,n € {1:N},

(1) ]:Pr(p n)( |g(1 N))(A )

(ii) rem ( | gt ) P (- ]g(t: N))(A(_n) =q=" | A = D),
n) __ o (p)
(i) Pr. gm0y (A = p) = =5

Theorem 2. Algorithm 2 with a valid conditional resampling r®n) defines a Markov update
(Xt.p, Bir) = (Xi.p, Brr) that is reversible with respect to m x U([N]T).

Theorem 2, whose proof is given in Appendix A, complements the result of [4] by acco-
modating our version of the CPF, where the reference is placed at arbitrary position, and
allows for the resamplings which we discuss next.
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5. CONDITIONAL RESAMPLINGS FOR THE WEAK POTENTIALS SCENARIO

The simplest unbiased resampling, that is, satisfying (2) is multinomial resampling, where

A®) are drawn independently from the categorical distribution Categ(w*")) with nor-

malised weights w() = ZgL;( However, in the context of this work, multinomial resam-
1

pling is wasteful, and we focus instead on conditional versions of two resampling algorithms,
that were found stable in refined discretisations [5].
The first of these is the ‘killing’ resampling, defined as follows [cf. 11]:

N ; @. N |
0 ™ [0 =T [0 =) 224 (1- 22 31 00 =)

* * N
i=1 g 9 7= > i 9

g(j)

Y

where ¢* = max;c{1.:} g% (and in case g* = 0, p may be defined arbitrarily). The killing
resampling is valid also with any other choice of ¢* as long as ¢¥) < ¢*, but we consider the
above one minimising the resampling rate. Like multinomial resampling, the components
of the random vector AN) are independent but not identically distributed.

Killing resampling is simple and stable, but [5] found two resamplings that yield a smaller
resampling rate, and appear to admit slightly better performance: the Srinivasan sampling
process (SSP) and systematic resampling, both with a mean partition order (to be defined
below). It seems difficult to implement a conditional version of SSP (in an efficient man-
ner), but systematic resampling with mean partition can be implemented by extending the
algorithm of [4].

The systematic resampling with mean partition (Definition 5) is a variant of ‘standard’
systematic resampling (Definition 3) where the weights w'" are processed in a particular
‘mean partition’ order (Definition 4). The mean partition may be found in O(N) time, and
our implementation is based on Hoare’s scheme [20]; see Algorithm 12 in Appendix E.

Definition 3. (Systematic resampling). Input normalised weights w*V. Simulate a single
U~ U(0,1), set U := (i—14U)/N and define the resampling indices as A" := F~'(U?) for
i € [N]. Here, the generalised inverse F~!(u) is defined for u € (0,1) as the unique index
i € [N] such that F(i — 1) < u < F(i), with F(i) := 3} w’.

Definition 4. (Mean partition order) Suppose that ' € RY. A permutation w :
[N] — [N] is a mean partition order for u**V, if the re-indexed vector u := u®® sat-
isfies ul ,....u™ < @ and u” ... ul > @ for some m € [N], with 4 denoting the mean
of the vector u.

Definition 5. (Systematic resampling with mean partition). Let £ denote the generalised
inverse distribution function corresponding to the re-indexed Welghts wiN | where w is a
mean partition order as in Definition 4. Set A% := w(FZY(U?)), where UM are defined
as in Definition 3.

Algorithms 5 and 6 describe the conditional variants of killing resampling and systematic
resampling with mean partition, respectively.

Lemma 6. The following define valid conditional resamplings (Definition 1):

(i) conditional killing ploP (- | g™ of Algorithm 5, and
(ii) conditional systematic resampling with mean partition psySt of Algorithm 6.

Proof of Lemma 6 is given in Appendix A.
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Algorithm 5 Conditional killing resampling pl(:ﬂ’lf)( | gV,
1: Draw AN ~ preint (- ’g(lzN)).

2: Draw J € [N] such that P(J = j) = h(j | i) == ~ (_)9* ’
L(1—9 ) j#i
N g*
3: Set S :=[J — k]n, where [{]y :=1+ ({—1 mod N).
4: Set AlE+SIN) <.
5: output ATN) where AW = Ali+51y)
Algorithm 6 Conditional systematic resampling with mean partition piy’s)( | gV,
) (9) 1
1: For j € [N], define W7 := 97 and U7 := 7+U, where U ~ U(0,1).
it g® N

2: Set r = NW!— |[NW'] and p = r(NWE +1) +1).

NW
3: With probability p, draw U ~ U(0,7) and set N* = [ NW?*| + 1; otherwise draw U ~ U(r, 1)
and set N = [ NW'|.
4: Set w < MEANPARTITIONORDER(W 1Y) > Algorithm 12 in Appendix E
5: Set s = w (i) and @ = o1_s(w), so that &(1) = w(s) = i.
6: Draw ATIN) = (F_H(UIN)).
7: Draw C ~ U([N]) and set A7 = A%-c() for j € [N].
8: output AUV,

6. THE CONDITIONAL PARTICLE FILTER WITH BRIDGE BACKWARD SAMPLING

The backward/ancestor sampling CPF [33, 25] often has impressive performance even
with large T' [23]. The selection probabilities in the backward sampling step (6) include

the transition density M1 (X, ﬁ“) | X ) When My, is slowly mixing, this density is

typically very small for all 7 except for the ancestor i = A;CB’““), and therefore the backward
sampling step reduces to ancestor tracing.

We discuss next the conditional particle filter with bridge backward sampling (CPF-BBS),
which is a generalisation of CPF with backward sampling (CPF-BS) [33] suitable for slowly
mixing M. The backward sampling step is replaced by a ‘bridging® procedure which spans
over multiple time steps, and requires tractable dynamics { M}, in the following sense:

Assumption 7. Denote My, (zpy) := [[i_poq Mi(y | 23—1) for any 2 < ¢ <u < T. Then,
we are able to simulate from and evaluate the density of the conditional distribution of x,
given xy_1 and x,:

J My—1(wo-1:0)dTes 101
Mu|€—1<xu | Z’g,l) '
We further assume that we are able to evaluate the conditional density of z, given z,:

Muw(xu | l’g) = /MZ:u(‘rZ?Z€+1:u—17'ru)dzé+1:u—1-

Algorithm 7 gives the pseudocode of the CPF-BBS algorithm.

The first step (line 1) invokes the forward CPF (Algorithm 3). To facilitate the bridging
procedure (line 5) that replaces the usual backward sampling step in CPF-BS, a fixed
‘blocking sequence’ 1 = Ty < --- < T, = T is utilised that gives rise to the blocks
(T;4, Ty), i = 2,...,L, where T;_; and T; are referred to as the block lower and upper

Me(iﬁe i JCefi,ﬂ?u) =
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Algorithm 7 CPF-BBS(X}.p, Bi.r; Th.1)

1 (X A, Br) < CPF(X?,p, Brr) and set X7 « X\P7)
2: for k=L L—-1,...,2do

3 0 Ty_1; u + Tj; BE — B,.

4: B}, < ANCESTORTRACE(A,.,_ 1, B;)

5 (X Bruot) & BRIDGECPF(X,, B, 1, X,00)

6: end for R

7: output (X, Bi.7)

boundaries, respectively. Algorithm 8 is invoked (line 5) to attempt to change the ancestor

of state X\%%) at time [ from B} to a different particle from the pool X;. Success of this
step hinges on Algorithm 8 being able to generate particles that could equally well explain
the future state X% being conditioned on (see line 8 of Algorithm 8), for which the condi-
tional densities of Assumption 7 are needed in its forward simulation procedure (lines 1-7).
The new ancestor from the pool X is then found by ancestral tracing (line 9). Success in
this step relies on an efficient resampling strategy (line 3) to avoid particle degeneracy so
that many particles from X, survive to line 8. Clearly the choice of the blocking sequence
is also important and for this a practical design choice procedure is devised in Section 7.1.

Algorithm 8 BrRIDGECPF (z,, b}, 1,7}, 1.,)

1:N * L X
1 WY e My | 2) 7 X g

2: forv=/¢+1:u—1do
/]1()1_3]1\[) . r(b:(;—lvb:)( . ‘ Go_

1

- _ - (Al - -
4 Draw X ~ M,(- | iil”i‘l),ij) for i # b} and set X% = xh
50 Set XU e (XM X0 for i e V]
6: WU(1 N W(A({Ely))
7. end for A o » '
S Draw B,y ~ Categ(@")) where &), = Gy (X)) Gu(X D a7,
9: Bp.y_o < ANCESTORTRACE(A,., 9, Bu_1
10: output ((xéBZ),XéfﬁJ:‘fl)%BZ:u—l)

We record the following consistency result, ensuring the CPF-BBS is valid, whose proof
is given in Appendix B:

Theorem 8. Consider Algorithm 7 as a Markov update (X, Bi.r) — (X1:T7 BLT). Then,
it leaves ™ x U([N]) invariant.

With dense blocking sequence Ti.0 = 1:T, the bridging CPF and its tracing (lines 2-7
and 9 of Algorithm 8, respectively) are eliminated, and therefore the CPF-BBS simplifies
to the backward sampling CPF (CPF-BS) of [33]. This means that the CPF-BBS can be
viewed as a true generalisation of CPF-BS for arbitrary blockings.

The other extreme case, that is, the trivial blocking sequence T} = 1, T5 = T leads
to running a CPF and then another CPF with same initial particles and targeting the
conditional distribution m(x1.7_ | X35) (cf. Lemma 12). This may not be practically useful,
but can give insight about what the ‘bridge CPF’ is about.

We conclude this section with two remarks about methods related to Algorithm 7.



CONDITIONAL PARTICLE FILTERS WITH BRIDGE BACKWARD SAMPLING 9

(i) If we modify the algorithm by replacing BRIDGECPF by the following algorithm:
1: Set XéBE) = XlgBZ) for k = 0:(u—1).
2: For i # B}, set Xéz) = XK(Z) and X,gz) ~ M,(- | X,gz_)l,quBz)) for k=(+1):(u—1).
3: Choose X\")_| with probability proportional to Moyo(X; | XINTTUZ) Gu(X ),
then we get a CPF version of the extended importance sampling for particle filters
suggested in [13].
(ii) Algorithm 7 has similarities with the blocked particle Gibbs (or blocked CPF) of [29]
but differs in two crucial points:
o We suggest a block-wide ‘lookahead’ which is possible to implement thanks to
Assumption 7, instead of using a modified potential only at the last time instant.
e The block update is not conditioned on a single start point, but all particles which
were generated by the ‘forward” CPF. (Algorithm 3).
While these differences may seem technical, they can have substantial effect on the
efficiency of the method. We believe that CPF-BBS often leads to more efficient
algorithm in the same computational complexity, but note that the blocked particle
Gibbs is directly parallelisable unlike the CPF-BBS.

Finally, we note that the reverse update order of the blocks occurs since a block’s update
depends on the value at the lower boundary of the subsequent block. Although not pursued
here, it is possible that a forward only implementation (following [25]) could be devised to
achieve a similarly better mixing CPF algorithm.

7. BLOCKING SEQUENCE SELECTION

The CPF-BBS (Algorithm 7) is valid with any choice of the blocking sequence T7.r.
However, its choice affects simulation efficiency, that is, the mixing of the Markov chain. In
this section, we discuss a computationally inexpensive method that can be used in practice to
determine a suitable blocking sequence prior to running the CPF-BBS in order to facilitate
efficient mixing.

We begin in Section 7.1 by discussing a proxy for the integrated autocorrelation time
(IACT) of the Markov chain output by the CPF-BBS. Then, Section 7.2 details an estimator
we have developed for the proxy. Finally, Section 7.3 describes a practical algorithm for
blocking sequence selection that is based on the estimator of Section 7.2. We will study the
methods presented in this section empirically in Section 9.

7.1. The probability of lower boundary updates (PLU). A theoretically attractive
candidate strategy for blocking sequence selection is monitoring the IACT for variables of
interest, based on the output of the CPF-BBS. Efficient inference could then be obtained
by choosing the blocking sequence that minimises the IACT. However, this approach is
typically computationally demanding or even infeasible, since the estimation of the IACT
is notoriously difficult and often requires extensive simulation of Markov chains.

For these reasons, we base the selection of the blocking sequence on a proxy for TACT
that is easier to work with. We call the proxy the ‘probability of lower boundary updates’
(PLU), and its definition for the block (¢,u), using the notation of Algorithm 8, is:

(8) PLU((, u) := P(XP) 2 x").

In other words, PLU(¢, u) measures the probability that the bridge CPF (Algorithm 8) on
block (¢,u) updates the value at the block lower boundary ¢. Intuitively, higher values of
PLU should be associated with lower IACT, and our experiments in Section 9 support this.
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7.2. Approximate estimator for the PLU. Even though PLU(/, u) is much easier to
estimate than TACT, it still requires iterating the CPF-BBS for each candidate blocking,
which is computationally demanding. We have developed an estimator for PLU(¢, u) which

avoids this, and is based on a single ’stationary’ CPF state (the generated particles X flTN
and reference indices Bj.r), which is used for any block boundaries ¢,u. The practical
algorithm postponed to Section 7.3 will be based on this idea, but assumes further that
such a stationary CPF state can be well approximated by an independent particle filter.
The estimator from a single CPF state is presented in (12) below and is based on two
‘asymptotic’ characterisations for PLU, for small and large blocksizes, respectively. The

idea behind the characterisations is that the event X éBZ) #+ X l@ ) occurs when a trajectory
traced back from the generated particle tree in the bridge CPF has a different value at the
block lower boundary than the reference.

Consider first the case of a small blocksize, that is, u — ¢ ~ 1. In this case, PLU is
approximately characterised by:

Muye(Xy | X7)
SN Mue(X; | X))

(9) PLUy(¢,u) :==1—

where X (= X éB’Z) and X = X P refer to the ¢th and uth value of a reference trajectory.
The rationale for (9) comes from CPF-BS being a special case of the CPF-BBS for the
dense blocking with unit blocksizes. Letting b, and b;;; denote the indices of the current
reference, the probability of choosing b; in backward sampling [33] is given by:

P(B, = b, | Biyy = bryr) o< w™ My (X050 | XN G (X, X80,

Here, under the weak potential setting with approximately constant potentials, the right
hand side approximately reduces to Mu|g(X£b“) | Xébe)) since ¢ = t,u = t + 1 with a unit
blocksize. The probability of choosing a non-reference is therefore approximately given by

(9).

On the other hand, if the blocksize is large, PLU(/, u) is approximately characterised by:

_ 1 u—1 pkN
(10) PLUG((, u) := (1 - N) 1T (1 — m)

k=t

where the quantity py equals the probability that a resampling event occurs, divided by V.

In the case of systematic resampling with mean partitioned weights W,ELN), (see Appendix
A, Lemma 28 of [5]) and the weak potential setting, py may be calculated as follows (for

normalised Wk(liN) ):

1 1

W
11 =3 .
(1 b 21:1‘ k N‘

The justification of (10) comes from a calculation detailed in Appendix F, which shows
that PLUg (¢, u) approximately equals the expected proportion of particles whose ancestor
at time ¢ is not the reference after an ‘artificial’ conditional particle system has evolved
for w — ¢ time steps from time ¢. Therefore, PLUg(¢, u) maybe loosely interpreted as
approximating the probability of choosing nonreference at time ¢, when the ancestry of a
particle chosen uniformly at time wu is traced back until time /.
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Our estimator for PLU({, u) is constructed by ‘interpolating’ (9) and (10) such that

(12) PLU((,u) := PLUg(¢, u)PLUy(¢, u) (1 - %) 7 :

where the scaling is added so that the estimator approximately reduces to (9) and (10) for
short and long blocks, respectively, in the weak potential setting.
The estimator in (12) was derived assuming an access to CPF state with N particles. It

is also possible to estimate the ﬁfj(ﬁ, u) from a CPF (or particle filter) state which has
a different number of particles Ny (which is often useful to take ‘large’ in practice so that
Ny > N). In this case, we can estimate PLUg and PLUy; as follows, and then use (12)
with the desired NV in the scaling.

To estimate PLU¢, we simply compute py using (11) from the Ny particles and substitute
it directly to (10) with the desired N < Ny. For PLUy; we use the alternative estimator of
the form

c(l,u)
1 PL 1 =1-
(3) UM(7U> c(f,u)—i—N—l’
which follows by assuming that
(14) Mao(X5 | X7) = c(€u) M),
where
T 1 * j

J#Be
In other words, the block transition density for the reference is assumed to be approximately
equal to a constant ¢(¢, u) times a ‘typical’ value of the block transition densities for particles

not including the reference. The estimator (13) may be derived by appropriate substitution
of (14) and (15) into (9).

7.3. Algorithm for blocking sequence selection. In this section we describe a practical
method based on (12) to choose the blocking sequence. Algorithm 9 describes a method

that uses (12) to evaluate S candidate blocking sequences (Tl(fL)m)s:l,gmg in the context of

the FK model (Mj.7, G1.7). The additional parameters N and n stand for the number of

Algorithm 9 EVALUATEBLOCKINGCANDIDATES({T(l) .,Tl(fgL)(S>}, My.p, Gi.p, N, n)

1L

1: for j=1,...,ndo

2 Xi.py Avp_1, Wap < PE(psyst, Mir, Gi.r, N)

3 Draw Bp ~ Categ(WC(FLN)); Bip_q + ANCESTORTRACE(AS;\?D Br)

4 dpruls ] ¢ EstiaatePLU(TY) L TS oY, Xy Wy, Brr)
5: end for

6: fors=1,...,5 do

7 Set ¢pLuli, s] = MEAN(¢pryli,s,:]) for i =1,..., L&) — 1.

8: end for

9: return Q_SPLU

particles and number of iterations, which are tuning parameters of the blocking candidate
evaluation. Here, we use indexing notation where A[i, j, k| stands for the element in row i,
column j and slice k£ in an array A. Furthermore, the columns of arrays need not have the
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same number of rows, and indexing operations with ;" mean ‘all elements’ in the particular
dimension.

One iteration of the main loop in Algorithm 9 consists of running the standard particle
filter (Algorithm 1) with mean partitioned systematic resampling followed by a traceback
using ancestor tracing (Algorithm 4) in lines 2-3. Then, given the output of the particle
filter, we estimate PLU using Algorithm 10 (see below) on line 4 for each block (¢, w) within
each blocking sequence. The computation is a straightforward application of Equations (9)—
(12) using the particle filtering results. Finally, lines 6-8 summarise the estimates of PLU
by taking their mean over the n replicate runs of the particle filter. The element ¢pryli, 5|
in the output of Algorithm 9 describes in terms of PLU, how efficient the ith block in the
blocking sequence s was.

Algorithm 10 ESTIMATEPLU({T(l)

S
L) Tl(:L)(S)}W Xl:T7w1:Tflv BliT)

1: Compute py for k =1,...,7 — 1 using (11).

2: fors=1,...,5do

33 fori=1,...,L® —1do

4 Set £ =T u =T Xp = X595 Xz = x (P

5 Compute PLUy; (¢, u) using (9) and PLUg (¢, u) using (10)
6 Set ¢pLuli, s] = ﬁ(ﬁ, u) given in (12)
T end for
8: end for

9: return ¢pry

Algorithm 9 may in principle be used to evaluate any blocking sequence, but we suggest to
use it with Algorithm 13 given in Appendix E.2 that constructs blocking sequences where
the blocksizes Tj41 — T} are powers of two. More precisely, if 7 = 27" + 1 for some p*,
Algorithm 13 returns blocking sequences Tl(:%(i) fori=1,2,...,p"+ 1, where the blocksizes
of the ith sequence are all constant 2¢=1. If T # 2" + 1, similar sequences are returned, but
with a possible ‘residual block’ of length < 2¢~! as the last block in each sequence i.

Finally, Algorithm 11 describes a method based on Algorithms 9 and 13 for choosing a
single blocking sequence to be used with the CPF-BBS and a given FK model. In summary;,
Algorithm 11 first constructs the candidate blocking sequences using Algorithm 13. Then,
Algorithm 9 is run to obtain q;pLU given these sequences. The data ¢pru is then reinterpreted
as a set of elements Dpry, whose element (¢,b,p) describes the estimated PLU, p, of the
block with lower boundary ¢ and upper boundary ¢ 4 b. Finally, Dpry is processed such
that blocking sequences with largest blocksizes are considered first, and at each block lower
boundary, the best performing blocksize in terms of the estimated PLU is selected to the
output blocking sequence.

8. LINEAR DIFFUSIONS WITH PATH INTEGRAL WEIGHTS

We discuss next a class of continuous-time models and their discretisations, for which the
methods of Section 6-7 are particularly useful. We will consider instances of these models
also in the experiments (Section 9).

We start with the continuous-time model on a time interval [0,7]. The prior dynamics
M correspond to the solution of a linear stochastic differential equation (SDE):

(16) dXt = FXtdt -+ KdBt, X() ~ N(/l,mit, Zinit)
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Algorithm 11 CHOOSEBLOCKING(M;.7, G1.7, N, n)

1: {Tl(lL)(l),... 1pL<p)} — DYADICCANDIDATEBLOCKINGS(T)

2 PpLy — EVALUATEBLOCKINGCANDIDATES({ N L<1>’ N by L(p)} Miy.p,Gi1.py,N,n)

3: Compute Dpry, a container with elements of the form (€ b,p) based on ¢pry.

4: Initialise D, an empty container for elements of the form (¢,b).

5. for s=p,p—1,...,1do

6: Get lower boundaries and blocksizes (¢, by) for k=1,...,L®*) — 1 from Tl( L)<S>

T fork=1,...,L0 —1do

8: Denote by Dgﬁ% all elements of Dpry whose block lower boundary equals .
9: if maximal p is reached when blocksize equals by among elements of DéL[)J then
10: Add (fk, bk) to D.

11: Remove all elements of Dpr,y with £ such that £, < ¢ < £y, + by.

12: end if

13: end for

14: end for

15: return Blocking sequence constructed from elements of D.

where B; is a d-dimensional Brownian motion and F and K are matrices of appropri-
ate dimension, and . and i, are the mean and covariance of the initial distribu-
tion, respectively. The law of interest is M weighted by non-negative weights of the

form w(zp) = exp(— [y V(xy)du), where V : X — [0,00] are ‘potential” functions that
‘penalise’ the trajectories of M. That is, the distribution of interest is proportional to
M(dx[O,T])w(x[oﬂ).

In practice, we assume a time discretisation of [0,7], 0 = ¢ < t5 < -+ < tp = T,

which leads to the discrete-time FK-model (1). The dynamics M.z in (1) correspond to
the marginals of X|p ) ~ M, that is:

M, = Law(X¢,) = N (ftinit, Sinit)

17
1" M (- | z) = Law(Xy, | Xy, , = ) for 2 <k <T,

which are linear-Gaussian. Appendix C details how M), can be derived from the parameters
of the SDE, and also how their necessary conditional distributions required by Assumption
7 can be determined. The potential functions Gy.7 in (1) stem from approximating the path
integral by a Riemann sum:

(18) $[OT H exp ( /k-H (xu)du> ~ 1:[ eXp (_ |Ak"v(xtk)>’

where Ay = [tg, try1) and |Ag| = tg11 — tx. This leads to potentials of the following form:

Gi(zy,) = exp (— (t2 — 1)V (24,))

19
(19) Gr(ze,_,,z1,) = €exp ( — (tgy1 — tk)V(a:tk)) for2<k<T -1, and Gr = 1.

Remark 9. The scenario detailed above can be generalised and/or modified in a number of
ways. Indeed, the potentials G can also include purely discrete-time elements, as in our
Cox process experiment (Section 9.2). The law M, or equivalently My, can also correspond
to the law of linear SDE conditioned on a number of linear-Gaussian observations. In
such a case, the distributions M, are still linear-Gaussian, and we can derive the required
conditional laws. This can be useful in many practical settings, and indeed was essential
for our movement model example (Section 9.3).
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9. EXPERIMENTS

9.1. Comparing conditional resamplings with Algorithm 7. We first investigate the
performance of the CPF-BBS (Algorithm 7) using the conditional resamplings pyin and pgyst.
For reference, we also study conditional multinomial resampling with conditioning indices ¢
and k, pfflfl)t This conditional resampling may be simply implemented by first drawing the
ancestor indices ATY) ~ Categ(w™)) as in standard multinomial resampling, and then
enforcing the condition A®) =i (since AN are independent).

In this section, we study a correlated random walk incorporating a path integral type
potential function, hereafter called the CTCRW-P model. The dynamics of the model

X; = (V; Ly)" are driven by the SDE

AV, = —B,Vidt + od B,

(20) dL, = [=B.L, + Vi]dt,

where B, is the standard Brownian motion, o, 3, and (3, are parameters, and (L¢);>o and
(Vi)i>0 represent location and velocity processes, respectively. The FK representation (17)
& (19) of CTCRW-P is given by My := N(0,S), My(- | z) .= N(T1,_, 1,%, Qt,_,.t,), for 2 <
k < T and V(X;) := L?/(2n?). Here, n is a parameter, and Ty, 4, Q.+, and S are
the transition matrix, conditional covariance matrix and stationary covariance matrix, re-
spectively, arising in the solution of the linear SDE (20). Their expressions are given in
Appendix D.1, in Equations (44), (45)—(46) and (47)—(48), respectively.

We ran the CPF-BBS targetting CTCRW-P with the configurations N € {2,4,8, 16,32},
blocktime € {277,276, ...25} and r € {pgyst, Pty Pmure }-  Here, blocktime parameterises
the blocking sequence in terms of the ‘physical time’ of the discretised SDE. The blocksizes
Ty+1— Ty in Algorithm 7, may simply be obtained by dividing blocktime by |Ag| (see below).
For each run of the CPF-BBS, we used 21000 iterations with the first 1000 discarded as
burnin.

We set 7 =26 |Ay] =277, =1.0and o € {0.125,0.5,2.0}, which controls the variability
in the velocity process. Each time, given o, we solved for the parameters S, and [, such
that the stationary covariance matrix (47) had unit variances on the diagonal. This was
done to ensure that the variability of the process remains similar as o changes.

The simulations were run with all combinations of the algorithm and model configurations
described above. We estimated PLU (discussed in Section 7.1) by tallying iterations where

x&B‘) #+ xébz) and dividing by their total, and estimated the IACT for Ly, using batch
means [17]. Figure 1 summarises the results of this experiment. The mean PLU shown in
the top row is computed over the number of blocks (given here by 7/blocktime). The figure
shows systematic and killing resampling performing better than multinomial resampling,
which can be seen from the lower IACTs and higher mean PLU. The performance with
multinomial resampling is poor here, as expected, since the model has weak potentials
with |[Ag| = 277. In contrast, killing and systematic resampling behave nearly uniformly,
with systematic resampling performing slightly better. This finding aligns well with the
theoretical and empirical findings in [5] for the particle filter in a similar context of path
integral potentials and |Ag| close to 0.

The CPF-BBS coincides with the CPF-BS when blocktime = |Ag|, which corresponds
to the first value on the horizontal axis. Even though increasing N naturally improves
the performance of the CPF-BS too, the CPF-BBS has better simulation efficiency with an
appropriately chosen blocktime, for any N in the simulation. Note that the estimation of the
IACT is quite noisy here, since the mixing is poor especially with multinomial resampling
and with poorly chosen blocking sequences induced by the value of blocktime. In contrast,
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FIGURE 1. The estimated mean PLUs and the logarithm of TACT with varying
o for the location state variable at time 0.0 in the CTCRW-P model. The value
of |Ay| was set to 277. The performance of CPF-BS is seen at the far left, with
blocktime = 277,

the computed mean PLU appears less noisy, and in the case of systematic and killing
resampling the best blocktime in terms of IACT is identified.

We also investigated the relationship of PLU with TACT35, and the findings were similar.
A further experiment fixing o = 1.0 and varying n € {0.125,0.5,2.0} instead also resulted
in similar findings (see supplementary Figure 8).

9.2. Choice of the blocking sequence. As already illustrated empirically with Figure 1
and discussed in Section 7, the choice of the blocking sequence is a tuning parameter affect-
ing the sampling efficiency of the CPF-BBS. Figure 2 exemplifies this further by showing
another look at the results obtained from the experiment in the previous section. Here,
the logarithm of the inverse relative efficiency (IRE) is plotted at each timepoint when
systematic resampling was used. The IRE is obtained by scaling the IACT by the number
of particles, and measures the asymptotic efficiencies of estimators with varying compu-
tational costs [18]. The panes from left to right show the results with varying blocktime
and represent a range of algorithms from the CPF-BS (blocktime = 277) to an algorithm
similar to running the CPF twice (blocktime = 2°). The optimal algorithms use only 4
particles, motivating the search for an appropriate blocktime (or blocking sequence). By
visual inspection, it appears the optimal blocktimes here are around 2! — 22 for o = 2.0,
22 — 23 for 0 = 0.5 and 23 — 2% for 0 = 0.125. Here, a decrease in the value of o results in a
larger optimal blocktime, since decreasing o leads to increased ‘stiffness’ in the dynamics of
Mi.7r. The optimal blocktimes represent balances where the blocks are large enough so that
bridging between the lower and upper boundaries is sufficiently likely, and small enough so
that degeneracy of the particle tree within the block is avoided.

Next, we investigate how well the estimates of ¢pr,y computed using Algorithm 9 coincide
with PLU. We studied the relationship of ¢pr.y and PLU with respect to blocktime (that is,
with blocking sequences constructed with constant blocksizes) using the CTCRW-P model
with N € {2!,22...,219 and the parameter o € {0.03125,0.125,0.5,2,4}. The rest of
the model configuration was as in Section 9.1. To estimate PLU, we ran 1100 iterations of
Algorithm 7 with the first 100 discarded burnin, monitoring for each block the proportion of

iterations where xéée) #* xébz ) In Algorithm 9, we used n = 50 runs of the particle filter and
N as reported above. Figure 3 visualises the results for N < 27 (the results for N > 27 yield
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FIGURE 2. The logarithms of inverse relative efficiency obtained at each timepoint
with conditional systematic resampling in the experiment discussed in Section 9.1.
The columns show the results with varying blocktime in Algorithm 7.
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FIGURE 3. The PLU (orange) and ¢pry (light blue) for each block induced by the
blocktime on the horizontal axis for the CTCRW-P. The points are slightly jittered
for visualisation.

no further conclusions). The estimated PLU and ¢pry appear to be in close agreement,
with only slight discrepancies seen for large blocktimes. This finding motivates the use of
dpLu as a maximisation criterion for finding a blocksize that likely results in a high overall
PLU as well.

Next, we turned to study Algorithm 11 for selecting the blocking sequence based on ¢pyu.
We investigated this with a model that slightly differs from the form (19), and is a Cox
process model incorporating a reflected Brownian motion (CP-RBM) first appearing in [5]
and briefly detailed (with minor changes) below.

The CP-RBM model assumes an inhomogeneous Poisson process (IPP) in time, generat-
ing observation sequences 7. The intensity function of the IPP is piecewise constant, and
given by

(21) A(t) = Bexp (—aXy,), fort € [ty tri1).



CONDITIONAL PARTICLE FILTERS WITH BRIDGE BACKWARD SAMPLING 17

The process (Xj, )k=1,..r is distributed such that
(22) X, ~NY(0,1,a,b), and X, | X;, |, = x4, ~ N (zy, |, |As|0? a,b),

where N (1,02, a,b) is a distribution we call the ‘reflected normal distribution’, with pa-
rameters u, o and bounds a and b. To simulate from N (u, 0%, a,b), one first draws
Z ~ N(p,0?) and then sets X = reflect(Z, a,b), where ‘reflect’ is an operation that recur-
sively reflects (that is, mirrors over a boundary) Z with respect to a (if Z < a) or b (if
Z > b) until a value within (a,b) is obtained and outputted.

To apply the CPF-BBS with the CP-RBM, we use the following FK representation that
differs from that of [5] such that the reflection of the process X is accounted for in the
potential functions:

M, := N(0,1), and My(- | z) := N(z,|Ap_1|0?), for 2< k< T
N (z;0,1,a,b) exp (—|A|Bexp (—ax))
N(z;0,1)

Gr(x,y) == N (y; 2, | Ap_1]0?, a,b) exp (—|Ag| B exp (—ay)) X

N(y;z,|Ag_1]|0?)
(56Xp (_&y))l(ﬂi s.t ﬂ'eAk)7 for 2 < L < T

where |[Arp| = 0. This FK model is valid for the inference of the CP-RBM in the situation
that the time discretisation is made fine enough such that each Aj contains at most one
observation. The density N() (x; p, 02, a,b) contains an infinite sum, which we truncate to
the first ten terms; the formula is given in Appendix D.2.

We first drew a realisation of the process X using (22) with |Ag| =27¢ 0 =0.3, a = 0,
b = 3 and time interval length 7 = 2%. Then, conditional on this realisation, we simulated
one dataset, 7, from the IPP defined by (21) with « = 1 and 8 = 0.5. Finally, we refined
the time discretisation such that (23) could be used.

For the blocking sequences, we considered the sequences induced by the constant block-
times {276,275, ..., 2%} and a (nonhomogeneous) blocking sequence constructed using Al-
gorithm 11 with n = 50 and N = 8. Here, a minor change to the choice of candidate
blockings (that is, Algorithm 13) was done: instead of constructing them using blocksizes
(integers) in powers of two as discussed in Section 7, we constructed them using the power
of two blocktimes 27¢ — 25 as this is more natural for a continuous-time model. For each
blocking sequence, we then applied the CPF-BBS with N = 8 for 26000 iterations with the
first 1000 discarded as burnin.

Figure 4 summarises the results of the experiment. The top pane shows the true simulated
state, the observations 7 and the 50% and 95% credible intervals of the distributions X; | 7
for t € t1,ts,...,tr. The middle pane compares the IACTs obtained from the samples of
said distributions with the different blocking strategies; the nonhomogeneous blocking is
highlighted in red. The IACTs for the blocking sequences constructed for blocktimes > 23
were greater than for the depicted blocking strategies. Finally, the bottom pane visualises
the nonhomogeneous blocking sequence obtained using Algorithm 11.

In terms of the IACT the blocking sequence returned by Algorithm 11 appears to perform
similarly to the best choices for the blocking sequences constructed with constant block-
times, indicating that the method here provides adequate performance without trial runs of
the CPF-BBS. The bottom pane shows how the blocktime of the nonhomogeneous blocking
switches between 1/2,1 and 2.

Gi(z) == (Bexp (_Om))l(zlz' 5.6 HEAL)

(23)

9.3. Movement modelling with terrain preference. We conclude with an application
of the CPF-BBS to a movement modelling scenario. Here, we are interested in modelling
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FIGURE 4. Top: the observations 7, the true simulated state and the 50% and
95% credible intervals for X; | 7 (shaded) of the CP-RBM model. Middle: the
TACTs with homogeneous blocking with H(blocktime) (shades of gray), and with
the nonhomogeneous blocking NH (red). Bottom: the nonhomogeneous blocking
from Algorithm 11 using n = 50 and N = 8.

the movement of an object on a plane based on noisy observations and knowledge of terrain
in which the object moves. We assume that the object has a ‘preference’ for spending time
in certain types of terrain.

To model such a setting, we build on the continuous-time correlated random walk
(CTCRW) model developed for animal movement modelling based on telemetry data [21].
The dynamics of the CTCRW model arise from a special case of the SDE (20), obtained by
setting 8, = 0 and denoting § := 3,. Using this SDE independently in x and y dimensions
vields a 4-dimensional state X, = (V,'), L, V*), LY and a movement model on the
plane, which we call the CTCRW SDE. The full CTCRW model also incorporates two-
dimensional location observations y = (yx)k=1,2,.,k, observed at times (te) k=1,2,..k,- Bach

observation is related to the location state variables, L, = (Lﬁ””), LE”)T, with y, = L;, + €,

where ¢, ~ N (0,772[2), where 7 is a standard deviation and I, stands for the 2 x 2 iden-
tity matrix. We use the initial distribution X, ~ N((0,y11,0,y12)7, diag(o?, 0%, 0%, 0%)),
where ;7 and y;o are the first and second coordinates of the first observation, respectively,
o2 = 0?/(28) (the stationary variance of the velocity component) and 0% is a parameter.
The details regarding the solution of the CTCRW SDE are given in Section D.3.

Our model, which we denote CTCRW-T (T standing for ‘terrain’) differs from the
CTCRW model of [21] by incorporating the effect of terrain. We use a discretisation of
the CTCRW SDE conditioned on the observations as the sequence of M,’s in the FK rep-
resentation of the CTCRW-T. More specifically, we define

M, = Law(Xy, | Y =y),
Mi(- | x) =Law(Xy, | Xy, =2, Y =v), for 2 <k <T,

where X; stands for the state of the CTCRW model at time ¢t and Y stands for all ob-
servations and y their realised values. The distributions in (24) are Gaussian, and their
computation can be carried out by very similar conditioning as discussed in Appendix C.
The CTCRW-T models terrain preference through its potential that is of the form (18)
with V(z) = —log (v;) when z is in terrain i. We call the values v; € [0,1], i =1,..., K7,
‘terrain coefficients’, which induce the potential values for each of the K terrain types.

(24)
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FIGURE 5. Comparison of CTCRW (left) and CTCRW-T (right) with 250 simu-
lated location trajectories. The observations used by both models are shown with
crosses. The CTCRW-T also uses terrain, which includes lakes (black).

We apply the CTCRW-T model in a region of Finland containing lakes, plotted in the
background of Figure 5. The colors of the background map depict the value of V| with
black representing larger values, that is, lower potential. We define the terrain types based
on the Corine Land Cover classification [16] which classifies each 20 x 20 metre cell in
Finland to one of five classes. The terrain types and their associated terrain coefficients
(in parentheses) are ‘Artificial surfaces’ (0.2), ‘Agricultural areas’ (0.6), ‘Forests and semi-
natural areas’ (0.5), ‘Water bodies’ (0.0) and ‘Wetlands’ (0.5). The terrain coefficient of
‘Water bodies’ is set to zero, since we want to constrain the movement on land only.

With the potential map constructed this way, we set 7 = 16 and handpicked 16 observed
locations in a clockwise pattern around the lakes, spacing the observation times equidis-
tantly in time. The observed locations appear as crosses in Figure 5. The CTCRW model
parameters § and ¢ were fit via maximum likelihood, and we set n = 50 and o = 50.

We then applied the CPF-BBS with systematic resampling, N = 16 and blocktime = 1.0
for 11000 iterations, discarding the first 1000 as burnin. |Ag| was set to 277. The right pane
of Figure 5 shows 250 of the simulated location trajectories from the CTCRW-T model. In
comparison, the left pane shows trajectories simulated from the CTCRW model conditioned
on the observed locations, simulated using (24). We observe that the trajectories simulated
from the CTCRW-T model are influenced by the conditioning on the observations, while
avoiding water bodies, as desired.

We also tested the performance of the CPF-BBS with the blocking sequence obtained
using Algorithm 11 (using N = 512 and n = 25), as well as CPF-BS in this example. Here,
the number of particles for Algorithm 11 had to be set slightly higher to ensure that a suffi-
cient number of particles end up in regions of positive potential (due to the hard constraint
induced by ‘Water bodies’). Figure 6 compares the three algorithms by plotting the TACT

of the state variable Lf") with respect to time. The plots for the other state variables were
similar. Clearly, the simulation efficiencies of both variants of the CPF-BBS are superior
here in comparison to the CPF-BS. Between the optimised blocking and constant blocking,
the finding is similar as with the CP-RBM model: the blocking optimisation via Algorithm
11 yields similar results as the ‘hand tuned’ constant blocking with blocktime = 1.0. The
supplementary material also includes an animation that visualises the values of all sampled
trajectories at each timepoint of the simulation, showing slower exploration of the target
distribution using the CPF-BS.
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FIGURE 6. The logarithmic IACT (top) of the state L§x) in the CTCRW-T model
with |Ay| = 277 for CPF-BS and the CPF-BBS with blocktime 1.0 and the blocking
from Algorithm 11 (bottom).

We also experimented with the three algorithms using a higher value for |Ag|, a situation
where a greater discretisation error in the approximation (18) may be tolerated. We found
that when |Ag| was increased to 0.125, the resulting IACTs of L{™ were similar between
the three algorithms (see Figure 7 in the supplementary material).

10. DISCUSSION

The methods presented in this paper make inference more efficient (and feasible) for an im-
portant class of statistical models, which includes hidden Markov models (HMMs) involving
weakly informative observations and, in particular, time-discretisations of continuous-time
path integral models.

Our first contribution was presenting two new conditional resampling algorithms for CPF's
in such a context: the killing resampling pyi, and the systematic resampling with mean par-
titioned weights psys;. Our empirical experiments with the developed resampling algorithms
revealed that psys performs slightly better than pyy, coinciding with the recent findings of
[5] for the standard particle filter in a similar context. Based on our findings, we recommend
to use psysy With the CPF in the weak potential regime.

Our main contribution is a new CPF, which we call the conditional particle filter with
bridge backward sampling (CPF-BBS), which may be regarded as a generalisation of the
celebrated CPF with backward sampling (CPF-BS) [33]. The key ingredient of the CPF-
BBS which avoids performance issues of the CPF-BS in the weak potentials and slowly
mixing context, is the bridging CPF step that updates the latent trajectory subject to a
blocking sequence that acts as a tuning parameter of the method. Since tuning the blocking
sequence by ‘trial and error’ is laborous and costly, we presented a computationally cheap
procedure for finding an appropriate blocking sequence. The procedure is based on a proxy
of the integrated autocorrelation time of the output Markov chain, the so-called probability
of lower boundary updates (PLU), which measures the probability that the bridge CPF
updates the value at the block lower boundary. We derived an estimator for PLU that we
suggest to use for blocking sequence tuning via Algorithm 11 that uses a small number
of trial runs of the standard particle filter with ancestor tracing to estimate PLU prior to
running the CPF-BBS.

The CPF-BBS is generally applicable, assuming that the conditional distributions M,
and Mp,—1,, related to the individual blocks (¢,u) and the dynamics M. may be com-
puted. This may seem restrictive, but it is important to note that M, need not necessarily
correspond to the model, but may be any ‘proposal’ distributions satisfying Assumption
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7. Careless choice of M; might however result in informative potentials GG}, and therefore
poor performance. The contrary is also possible: with suitably chosen M}, the G can be
weakly informative, even if the HMM observations are informative. This can be achieved by
designing M), by suitable ‘lookaheads’ [19], such as an approximate smoothing distribution
from a Laplace approximation [cf. 32, Section 8.1].

The experiments suggested that our estimator for PLU is in good agreement with the true
PLU. Algorithm 11, which finds an appropriate blocking automatically, showed promising
behaviour in our experiments, leading to performance similar to ‘hand tuning’ the blocking
sequence. Using Algorithm 11 is easy: it only requires the user to specify the number of
iterations and number particles used in the selection to obtain adequate performance ‘out
of the box’. In all of the examples we studied, we found 50 iterations to suffice for block
selection, but we presume that the number of particles has to be chosen in a model by
model basis.

The performance of the CPF-BBS in practice was promising: we found that the method
can provide a substantial performance improvement over CPF-BS in the weak potential
setting. This was particularly clear with our movement modelling experiment, which can
be of independent interest for certain applications.

We believe that PLU and the ideas in the estimator we derived for it can be of interest
in other contexts, too. In Section 7.2 we discussed the possibility of obtaining estimates for
PLU for N # Ny, where Ny is the number of particles used for the necessary computations.

We found empirically (results not reported) that the agreement between PLU and PLU
remains similar as in Figure 3 if we use this alternative estimation procedure. This method
could potentially be elaborated to a heuristic for choosing the number of particles N for
the CPF-BBS. One potential way forward is to determine a ‘cutoff level’ for how large a
PLU is ‘large enough,” and the smallest NV reaching this level would be chosen. However,
further developments of these ideas are out of the scope of the present paper.

Finally, we note that in some applications relevant for the weakly informative context,
the initial distribution M; can be diffuse (relative to the smoothing distribution) — even
an (improper) uniform measure. In such a case, the CPF and also the CPF-BBS will suffer
from poor mixing, but there are relatively direct extensions that are applicable also with
the CPF-BBS. Indeed, [15] discuss general state augmentations that can be useful, and a
straightforward implementation is often possible in terms of M;-reversible transitions [22].

ACKNOWLEDGEMENTS

SK and MV were funded by the Academy of Finland project 315619 and the Finnish
Centre of Excellence in Randomness and Structures. The authors wish to acknowledge
CSC — IT Center for Science, Finland, for computational resources.

REFERENCES

[1] Christophe Andrieu, Arnaud Doucet, and Roman Holenstein. Particle Markov chain
Monte Carlo methods. J. R. Stat. Soc. Ser. B Stat. Methodol., 72(3):269-342, 2010.

2] Marc Arnaudon and Pierre Del Moral. A duality formula and a particle Gibbs sampler
for continuous time Feynman-Kac measures on path spaces. Flectron. J. Probab., 25:1—
54, 2020.

[3] Christopher K Carter, Eduardo F Mendes, and Robert Kohn. An extended space
approach for particle Markov chain Monte Carlo methods. Preprint arXiv:1406.5795,
2014.



22 SANTERI KARPPINEN, SUMEETPAL S. SINGH, MATTI VIHOLA

[4] Nicolas Chopin and Sumeetpal S Singh. On particle Gibbs sampling. Bernoulli,
21(3):1855-1883, 2015.

[5] Nicolas Chopin, Sumeetpal S. Singh, Tomés Soto, and Matti Vihola. On resam-
pling schemes for particle filters with weakly informative observations. Preprint
arXiv:2203.10037, 2022.

[6] Dan Crisan, Pierre Del Moral, and Terry Lyons. Discrete filtering using branching and
interacting particle systems. Markov Process. Related Fields, 5(3):293-318, 1999.

[7] A. Marie d’Avigneau, Sumeetpal S. Singh, and Raimund J. Ober. Limits of accuracy
for parameter estimation and localization in single-molecule microscopy via sequential
monte carlo methods. SIAM Journal on Imaging Sciences, 15(1):139-171, 2022.

[8] Piet de Jong and Murray J Mackinnon. Covariances for smoothed estimates in state
space models. Biometrika, 75(3):601-602, 1988.

[9] Pierre Del Moral. Non-linear filtering: interacting particle resolution. Markov Process.
Related Fields, 2(4):555-581, 1996.

[10] Pierre Del Moral. Feynman-Kac Formulae. Springer, 2004.

[11] Pierre Del Moral. Mean field simulation for Monte Carlo integration. Chapman and
Hall/CRC, 2013.

[12] Pierre Del Moral and Lawrence M Murray. Sequential Monte Carlo with highly infor-
mative observations. SIAM/ASA Journal on Uncertainty Quantification, 3(1):969-997,
2015.

[13] Arnaud Doucet, Mark Briers, and Stéphane Sénécal. Efficient block sampling strategies
for sequential Monte Carlo methods. J. Comput. Graph. Statist., 15(3):693-711, 2006.

[14] J. Durbin and S. J. Koopman. Time series analysis by state space methods. Oxford
University Press, New York, 2nd edition, 2012.

[15] Paul Fearnhead and Loukia Meligkotsidou. Augmentation schemes for particle MCMC.
Statist. Comput., 26(6):1293-1306, 2016.

[16] Finnish Environment Institute SYKE. CORINE Land Cover 2018. The data are
downloaded from the Data Download Service of SYKE on 03.12.2018., 2018.

[17] James M Flegal and Galin L Jones. Batch means and spectral variance estimators in
Markov chain Monte Carlo. Ann. Statist., 38(2):1034-1070, 2010.

[18] Peter W Glynn and Ward Whitt. The asymptotic efficiency of simulation estimators.
Operations research, 40(3):505-520, 1992.

[19] Pieralberto Guarniero, Adam M. Johansen, and Anthony Lee. The iterated auxiliary
particle filter. J. Amer. Statist. Assoc., 112(520):1636-1647, 2017.

[20] Charles AR Hoare. Quicksort. The Computer Journal, 5(1):10-16, 1962.

[21] Devin S Johnson, Joshua M London, Mary-Anne Lea, and John W Durban.
Continuous-time correlated random walk model for animal telemetry data. FEcology,
89(5):1208-1215, 2008.

[22] Santeri Karppinen and Matti Vihola. Conditional particle filters with diffuse initial
distributions. Statist. Comput., 31(3):1-14, 2021.

[23] Anthony Lee, Sumeetpal S. Singh, and Matti Vihola. Coupled conditional backward
sampling particle filter. Ann. Statist., 48(5):3066-3089, 2020.

[24] Fredrik Lindsten, Pete Bunch, Sumeetpal S Singh, and Thomas B Schén. Particle

ancestor sampling for near-degenerate or intractable state transition models. Preprint
arXiv:1505.06356, 2015.



CONDITIONAL PARTICLE FILTERS WITH BRIDGE BACKWARD SAMPLING 23

[25] Fredrik Lindsten, Michael I Jordan, and Thomas B Schén. Particle Gibbs with ancestor
sampling. J. Mach. Learn. Res., 15(1):2145-2184, 2014.

[26] Blazej Miasojedow and Wojciech Niemiro. Particle Gibbs algorithms for Markov jump
processes. Preprint arXiv:1505.01434, 2015.

[27] Marcin Mider, Moritz Schauer, and Frank van der Meulen. Continuous-discrete smooth-
ing of diffusions. FElectron. J. Statist., 15(2):4295-4342, 2021.

[28] Simo Sérkkd and Arno Solin. Applied stochastic differential equations, volume 10.
Cambridge University Press, 2019.

[29] Sumeetpal S Singh, Frederik Lindsten, and Eric Moulines. Blocking strategies and
stability of particle Gibbs samplers. Biometrika, 104(4):953-969, 2017.

[30] Henrik Thurfjell, Simone Ciuti, and Mark S Boyce. Applications of step-selection
functions in ecology and conservation. Movement ecology, 2(1):1-12, 2014.

[31] Matti Vihola, Jouni Helske, and Jordan Franks. Importance sampling type es-
timators based on approximate marginal Markov chain Monte Carlo. Preprint
arXiv:1609.02541v3, 2017.

[32] Matti Vihola, Jouni Helske, and Jordan Franks. Importance sampling type estimators
based on approximate marginal MCMC. Scand. J. Stat., 47(4):1339-1376, 2020.

[33] Nick Whiteley. Discussion on Particle Markov chain Monte Carlo methods. J. R. Stat.
Soc. Ser. B Stat. Methodol., 72(3):306-307, 2010.

SUPPLEMENTARY MATERIAL

APPENDIX A. VALIDITY OF CPF WITH KILLING AND SYSTEMATIC RESAMPLING
We start by stating an easy lemma, whose proof is immediate.

Lemma 10. For a valid conditional resampling scheme r®™ (. | g:N)) and its uncondi-
tional version r, it holds that:

(i) E,( ‘glN))[Z 1(AD =j)] = NZN (>f0rallj€{1N} and
(i3) r(aBN) | gtV (o™ = p) = zéé’j)g(z)r(””)( ) | g for all a®, n and p in
{1:N}. -

In what follows, we denote M, (z,) = [, Mi(2{") and My(z; | 2i,) = [T, Mi(z} |

o
xl(cﬂ))-

Proof of Theorem 2. Assume that X7, ~ 7 and By.p ~ U({1:N}T) independently. The
joint distribution of Bj.p, the particles X .., and the ancestories A,.,_; generated by the
CPF, may be written as

ZNT {Hr (e b’“ 1| Gra(xg- 1))Mk<xk | fk -y 1))Gk—1(xl(€b 11))] GT(Xg?T))
M (2" N) G it
k=1"" ¢=1

09 (10 (8 =) s Gttt o))
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by Lemma 10. Including the variables By.r to (25) adds the following factor:

(26) [H 1 (agjkl Bk—l) ] gT(XgT)L

S Grlxy)
The joint distribution—product of (25) and (26)—is clearly symmetric with respect to

(blzT,xg 1TT)) and (ElzT,xgb%T)). O

Proof of Lemma 6 (i). Suppose that AN ~ p(. | M) where p is given in (7). We first
observe that p is unbiased:

N G N (i) ) ()
16) g g g g
zuw:»]: I e S

g Ze 19 ZZ:lg

=1 =1

(27) E

Let S € {1:N} be an independent uniformly distributed random variable, and consider
A(l:N) e A(US(LN)) Where

os(i):=li+s]y, with  [jly:=1+( —1 modN)
is a cyclic permutation of 1:N. Then AN ~ ﬁ(~ | g™ where

(28) plalt™N) | gty - NZP a7 N | (N

which also clearly unbiased, and from (27), it follows that

(2) P(A® = j) = [ﬁ: ]:Eﬁﬁﬁﬁ

Next we derive the conditional distribution of AR given A®) = i First, because A¥) =
Ales(k) we have

SIS CNCEY) S CEU RS Y
- >_ ZéV:lP@S(k) :f)IP’(A(f) :i) T Ng® P(A = )7

and P(AY) = 4) = €21 (j = 1) + (1- ﬂ

g*

B (os(k) = j | A

(4)
)t

so a simple calculation yields

q(O)
] et ), j=i

(30) P(os(k)=j| A® =i)=h(j|i), where h(j|i):= gm> Iy

2= ==

Note that og(k) = j is equivalent with S = [j + (N — k)] v

We conclude that A®Y) ~ 5(- | g*N)) may be drawn by ﬁrst drawing B from the
marginal distribution of A®), that is, P(B = z) =g ’)/Z ', g9, drawing J ~ h(- | B),
setting S = [J — k]y and As®) = B and AW = AsU)) for j € {l.N}. O

Lemma 11. Suppose that @ is a permutation of [N], and w, is a cyclic shift of w, that is,
w, (i) = w(os(i)) for some s € [N], and that

Al:N — w(Fgl(UlsN))
AN = @ (FZHUM)),

j—1+U

where U = with U ~ U(0,1).
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Then, it holds that A¥N and ALY have the same distribution, where
A = Acc()
Ai _ A:C(j),
and C ~ U([N]) is a random shift offset.

Proof. Without loss of generality, we may consider the case s = 1 and w(i) = ¢, in which
case w.(i) = o1(i). ) ) )

Define U’ := (U’ — w' mod 1), let j = argmin; U’, and let U} = U%. Observe
that UMY and UMM have the same distribution, so the claim follows once we show that
AN = FY(UYY) and AFN = o0y(F; 1 (UFY)) are equal, up to a cyclic shift. Indeed, we
will see that for all i € [N] and 0 < k < N — 1:

AT — g (FNO) =k +1 <= A =k+1.
Let us first assume k > 1, then the expression on the left is equivalent to
F,(k—1)<U' < F, (k) < F(k) <U' +w' < F(k+1),
because Fy,(¢) = F({ + 1) — w'. Whenever U’ — w! > 0, we have U’ + w! = U', and the
expression on the right simplifies to A" = F~1(U") = k + 1, as desired.
_ Suppose then that U' — w' < 0, in which case A" = F~'(U’) = 1. But then also
U'=U"-w'+1¢€ (1—w'1), which is equivalent to F,'(U") = N. O]
Proof of Lemma 6 (ii). Assume that t is a permutation (such as the mean partition order).
Let I'N = F_HUMY), with
- i—14U
U= ——
N Y
with U ~ U(0, 1), that is, standard systematic resampling (Definition 3) with weights WiN,
where W2 = W#U) and &(j) = w(o,_1(j)), with s = @ ~1(3).

Hence, @ satisfies

(31) w(l) =w(os-1(1)) = w(s) =i.
Define A"V such that
Al = ().
Then, by Lemma 11, it holds that
Al = A7¢U) for j € [N], with C' ~ U([N]),

have the same distribution as the indices from systematic resampling with order w that
have been shifted by o¢. In particular, note that Definition 1 (iii) holds for the latter.
Consider then the count of indices equal to i:

Ni=#{j: A =i}
Since A7 =4 <= [°¢U) = 1 and the indices I"*" are ascending, it holds that
N'=max{j >1: =1},
where max is zero in case the set is empty. The event N = n is equivalent with

-1
n N+U<F@(1)SH+U

—n—-1+U<Nuw' <n+U
< Nw'—(n—1)>U > Nuw' —n.
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We deduce that only two values of n have nonzero probability (for U € (0, 1)), since:
n=|Nuw'| < Uc|r1)
n=|Nw]+1 <= Uce€(0,r),
where r = Nw' — | Nw'|. Furthermore, the conditional probabilities for the events N* =n
are given as:
P(Ni =n, AF =4) P(N' = n, A% =)

T _ k __ -\ _ —
P(N'=n|A"=i)= PIAF =) = i )

where the numerator satisfies

N
P(N'=n, A" =i) =) P(C=c A" =i| N'=n)P(N' =n)
c=1

N
=Y P(A'=i|C=c,N' =n)P(C =c|N =n)P(N'=n).
c=1

e P(N' = |Nw'] +1) =7 and P(N" = [ Nw']) = 1 — r (from above),

e P(C=c| N =n)=1/N (because C is independent of I and therefore N?),

o P(A¥ =i | C = ¢, N = n) are deterministic, either zero or one, and precisely n are

one,
it holds that
. , , Nw'| + 1)r
P(N*' = | Nuw" 1] AF = :Q—:—

(N = Vo) 41| 4% =iy = LOLEDE

and

P(N'= |Nw'| | A¥=i)=1—p.
Observe also that the random variable U conditional on A*¥ =i and N’ = n has the density
U(,r) if N' = |[NW'| +1 and U(r,1) if n = [ NW*]. This follows since U is conditionally
independent from the event A¥ =i given N' = n, since U only depends on A¥ =i through
N, Similarly,

P(C = | A" =i, N' = n,U) = P(C = ¢ | A* = i, N = ) :%uac(k) e [1,n)).

In practice, we can simulate C' from this distribution as follows:

(1) Draw C' ~ U{1,...,n} corresponding to oc(k) in the above probability,
(2) set C =C —k,

since oo (k) = oa_i(k) € [1,n] is equivalent to C' € [1,n]. O

APrPENDIX B. VaLIDITY oF CPF-BBS

We start by two auxiliary results about marginal distributions after partial ancestor
tracing and a partial CPF. In what follows, we assume that Gy(x1.k) = Gr(rg_1.x) for
k € {2:T}. Using the definition of M, as in Appendix A, let us fix some notation: for

w=1,...,T, denote by 7" (2105 A1, O

1 v () (a)y | Gul@i™)
zﬂl@l) H NZGk(wk ) T(Qk | Gk@k))Mkﬂ@kﬂ Ea N
j=1

k=1



CONDITIONAL PARTICLE FILTERS WITH BRIDGE BACKWARD SAMPLING 27

and Ny.r(T,r) = HZ:uH My (zy, | xp—1)Gr(2k—1) With nr.r(z7) = 1, then the following
define probability distributions for v =1,...,T"
ILLI(,LN) (gl:uv Ql:u—l? bu> m:—f—l:T) = ﬁqu) (zlzua Ql:u—la bu)nu:T(xz(Lbu)v x;—‘rl:T)'
Lemma 12. Suppose that r®™ is a valid conditional resampling scheme, with respect to
resampling r in Definition 1. Suppose (X ., Ar.u_1, Bu, Xipi1.m) ~ ~ N and 0 € {liw—1}.
(i) If Bpy—1 < ANCESTORTRACE(A,., 1, Bu.), then the marginal density of X,.,, A4 1,

X(Bzz+1 w)

. :
i1 B and Xoo . s

(N) b2+1 u) u— f
Ky (Z1.05 1.0 1ab€a$e+1u ) u+1T)/N

(i) If further (X, |, Beu_1) < BRIDGECPF(X,, Bpu1, Xp0"), By, = B, and X} =
X(B“) then the marginal density of X .., Ay, ., X[\1., and By, is

N u—
Mé )@1:@,@1:@—1’bbf’fﬁﬂ:T)/N ‘.

Proof. In the case (i), the joint density of all variables may be written as

1
7VT1(LN) (glzua Qyy—15 bu) ( H 1 (bk = afﬁkarl)) )n“:T(xSLbU)7 x;kH-liT)

_ WKN)(ilzévglszl’be) ﬁ 1 iG ( (i)) 1(b, = (be+1) ( |G ( >)
a ¢ (be) N KTk b P
1

My (2 | 371(4;%)>]G (x (bu))ﬁuT( (b“)aSCZH:T)

())

ﬁéN)(%eaau 1abf)77€T($eu  Trgr.7) (brb
= Nt Hr obk1) ay. | G(zy,) HMkH xk+1|x
i#bg 1

),

by Lemma 10 (ii). The result (i) follows as we marginalise 2 for i # by, a s xfﬁl for
i?ébu_l, ey Gy
For (ii), define C?(e’“) (14 | 20) = Gr(@p—1:6) Myje(20 | xg)(“_é)_l and notice that

G€<x€ IE)UET(xZT ( H Gk 1 xlk 1 | l’u)Mk(!Ek | Tp— 17xu>>Gu(xu1:u)7]u:T(xu:T)7
k=0+1
where M, (z, | -,7,) = 1. Adding the variables generated in lines 2-7 of Algorithm 8 leads

to
(N

Wé )(x”,au 17 bk 1) | (bu) Y e (bk—1,bk)
(32) u—t Hle | 20O (@ | G (@ | 20))
N G k=0+1

N .
— @) ~@) ~ < (bu_ bu—1:u L)
(HMM? i ’*fff“”)} Cur (B0 | 209G (2P e (20, 1),
i=1
where &, = x, and zE,(f) = (zfr:/,(c 1 ) ,(C)) Thanks to Lemma 10 (ii)
)

Cra (&) | 2l hbk( L Gra @y | 20)

(ZGk 1 mk 1 ")))1 (bk—l = d;%i) r(ay, | G (&4, | xq(;bu))).
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Because the fraction in (32) does not depend on b, we may now marginalise over
be, ..., by and add the distribution of B,_; ~ Categ(@ilflv)) where w(]) =
éu_l(Xgll)Gu(Xij_)l, X, leading into

N)
T, (2., a ,be) ~ -
4 (Zre: 11, be [ H < 5 Gk 1( 1 | x(bu))) (ak—l | Gro1 (&4, | Igbu)))

b
NotGy(a™) 127,

N )
W ~ (7 ~(a'(ll ) ~ ~ ~u ~u7 yOu *
(HM’f(xl(c) | &ty ’xngu))>} Gufl(wz(; . |z bu))Gu@fS}—l;Lb ))77u:T<x£¢bu)>xu+1:T)-

=1

Introducing by.,—» by ANCESTORTRACE leads to addition of terms 1 (Bk_l = aé i) Then,
galculations similar as above, but in reverse order, lead to (32) with b, replaced Wlth
bp.u—1. The result follows by marginalising over Xyi1.,—1, A¢yr10_2- O

Proof of Theorem 8. We start by observing that by Theorem 2, (X .7, Ay, Br) ~ ﬁ(TN) =

ugp ). Then, the proof relies on an iterative application of Lemma 12 (i) and (ii), with (¢, u) =

(Tp-1,T), - - -, (T1,T2), which concludes that (X, X5, Bi.r) ~ ,ug )(gl,l;l,x;T)/NT_l SO
(Xik:T7 BliT) ~ Z_lnl:T(jzlzT)/NT == W(‘%l;T)/NT. O]

APPENDIX C. COMPUTING THE CONDITIONAL DISTRIBUTIONS IN ASSUMPTION 7 FOR
DISCRETISATIONS OF LINEAR SDES

The practical application of Algorithm 7 requires for each block the computation of the
conditional distributions My, and Myx_1,, where k is a time index, and ¢ and w refer
to the block lower and upper boundaries, respectively. This section discusses how these
distributions may be computed when:

o M,.7 stem from a discretisation of a linear SDE
e Mi.r stem from a discretisation of a linear SDE that is conditioned on a set of noisy
linear Gaussian observations.

Note that it is enough to only consider the second case, since the first one may be obtained
by omitting the conditioning on the observations (see discussion at the end of this section).

Following [28], the conditional means and variance (matrices) of the SDE (16) are given
for t > s by

(33) E[X; | Xs = 2] = expm(F(t — s))z4
(34) Var[X; | Xs =z = / expm(F(t — 7)) KK expm(F(t — 7)) dr,

where expm denotes the matrix exponential. We introduce the notation
(35) Tsr =expm(F(t — ), Qs1:= Cov[X; | X5 = 4.
Assuming a Gaussian initial distribution, we have:

th ’ th—l =Ty ™ N(Ttk—lythtk—w th—lytk)

36
( ) th ~ N(,uinita Einit)a

where the time discretisation corresponds to
(37) O=t1<ta< - - <tr=r71

as in Section 8, and where p;,;; and Yi,; are the initial mean and variance, respectively.
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Suppose then that there are observations Yy = (?k)kzl K, Observed at times th,
k=1,...,K,, where each observation time is one of the times in time discretisation (37).
Further suppose the Y} are distributed as

(38) Vi | X;, = x5, ~ N(Zyx;, , Hy),

where Z;, and Hj are matrices and observation variances, respectively. We may then define
the augmented observations Y = (Yj)r=1, 7 with times (37). The random vector Y is
distributed like the observations Y at their respective times, and has missing elements
otherwise.

Consider then the joint distribution of X, , X;, , and X, for k = ¢ +1,...,u — 1,
conditioned on the observations Y. = y1.7. Since all variables involved are jointly Gaussian,
this conditional distribution is:

k| YR Lkp—1UT  SkuT
(39) N o=y | | Zh—rpr Zk—1r Zk—rur| |
Hu|T Zu,l<;|T Eu,k71|T Eu|T

where we have used the notation
,uk\n = ]E[th | }/lzn = yl:n]a

Ek\n = var[th | le:n == yl:n];

psin = Cov[ Xy, Xy,

}/vlzn - yl:n]-

Here, conditioning on a missing observation should be understood as the observation being
removed from the condition.
To obtain the (cross)covariances in (39), the following backwards recursion for s = ¢ —

1,t—2,... from [8] may be used (with a matrix transpose applied to the result as needed):
(40) Es,t|T = E3|5T;52517ts+1 ES_J:I\SZSJFLHT'

An inspection of Equations (39) and (40) reveals that all the quantities required are com-
puted routinely by the Kalman filter and smoother [cf. 14] applied to the linear Gaussian
state space model composed of (36) and (38). Note that the Kalman filter automatically
handles any missing values in the observation sequence.

For k = ¢ + 1, by elementary properties of the Gaussian distribution, the distribution
Mu|€7 that is Xtu ‘ th = Ty, Yir = yr.r, 18

N(MU\T + EeT,u|TEZ|%<Ite - WIT)a

(41) . B
Eu\T - Ee,u\TEz\TEM\T>'

Similarly, for £ = ¢4 1,...,u — 1, the distribution My,_1,, that is, X, | Xy, |, =
Tty Xt, = Tt,, Y11 = Y17, 18

N <Mk|T + Zk,(k—l,u)|TE(_]€1_17U)|T((xtk_1 Te,)" = H—10)T);
(42)

-1

Yk — Ek,(k1,u)Tz(k_Lu”TEZ,(k_Lu)T) ;
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where

H(k—1,u)|T = (Mk—1|T ,uu|T)T7
Yk (e =N by
(43) ky(k=1,0)|T = [Skh—1T  Sk|T),

Y 1T Vk-14T

Z(lﬂ—l,u)lT = Zu,k—l‘T ZulT

In the case where M.z simply corresponds to a discretisation of the linear SDE (16), the
above computations can be repeated with the conditioned means, variances and covariances
replaced with their unconditional counterparts. In practice, an easy way to compute the
unconditional means and variances is to set all observations missing in the Kalman filter.
The unconditional covariances can then be obtained from (40) as before.

APPENDIX D. MODELS

This section gives additional details related to the models appearing in Section 9.

D.1. CTCRW-P. The CTCRW-P SDE (20) may be placed into the form of the linear
SDE (16) by setting

X, = (Vi L), F:[_ﬁv 0 } andK:[a 0}.

—Bs 0 0
The expressions for Ty, and Qs in (35) are given as follows. A direct computation yields
exp (—fut) 0
(44) expm(F't) = | exp (_Bxﬁt) - pr (—But) exp (—fut) |

when (3, # B,. If B, = ., the first element of the second row is replaced by ¢exp (—[(,t).
The transition matrix 7s; may be obtained from (44) by substituting ¢ — s for ¢.
If B, # B, the elements ¢;;,1 <14,j < 2 of Q5 are given by

(45) ,
G = ﬂ(l —exp (—28,(t — 5)))
qi2 = q21 = ﬁva_ 3. | B, j_ 3. (1 —exp (—=(Bs+ B2)(t —5))) — 2;} (1 —exp (=28,(t — 9)))

o? 1 .
go2 = (ﬁv _ Bm)Q [2538(1 — exXp (_2ﬁ1<t — S))) + 25@ (1 — exp (_25v(t _ 8)))
2
~ g (L e (B )~ )]

If B, = B, the element ¢1; remains as in (45), but the elements g2 and gao become:

quzf—; 1+exp<—26v(t—s))<—2ﬁv(t—3)—1>],
(46) oL

2

QQ2:4—5§

1—exp (=280t — ) (1428, = )(Bult = 5) + 1))
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Finally, the stationary covariance matrix S with elements s;; used in the initial distribu-
tion of the CTCRW-P model is obtained by taking the limit (¢ — s) — oo in the previous
equations:

2

o
S =
11 23,
B B o? 1 1
(47) o127 s = Bv - ﬁﬂ? 6’0 + 63: B 2BU
o? 1 N 1 2
Sop = _—
- (ﬁv - ﬁ:c)2 26z 2611 Bax + Bv
when 3, # .. When (, = [3,, the elements s15 and syy are
o? o?
(48) S12 = 463 and S99 = 465’

D.2. CP-RBM. The density of the reflected normal distribution N (u, 02, a,b), for any
point x in the support (a,b), is given by

(49)  NO(z3p,0% a,b) = N(z31,0%) + Y N(g{P (2); pr, 0%) + N(gy”(w); 11, 0?),
k=1

where
9P () = (=1)*z + ka — kb + (a + b)1 (k odd)
gék)(x) = (=1)*z + kb — ka + (a + b)1 (k odd) .

Equation (49) may be derived by noting that the density of any point x € (a, b) is equal to
the sum of normal densities at points that (eventually) reflect to z. These points consist of
x itself and the reflection points outside (a,b) given by the sequences in (50). In practice,
we truncate the infinite sum in (49) to the first 10 terms, which provides a reasonable
approximation for the values of o, a and b we use.

D.3. CTCRW. The CTCRW SDE can be placed in the form of the linear SDE (16) by
setting

(50)

1 0 0
The expressions for T, and Qs in (35) are then given as follows.
exp (—(t — s)p) 0
61) L= [1-en(-t-5)9) .
g

and the matrix )5 has elements ¢;;, 7,j = 1,2, such that

X, =(V, L), F = {_5 8} and K = {“ 0}.

g1 = % (1 —exp (—(t — s)26)> ,
(52) G21 = Q12 = ;—;2 (1 — 2exp (_(t - 5)5) + exp (_(t - 3)25)>7

Gor = ;—z<(t _ ) - %(1 —exp (—(t — 3)5)) n %(1 —exp (—(t — 3)25))>.
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APPENDIX E. MISCELLANNEOUS ALGORITHMS

E.1. Algorithm for finding mean partition order of weights. The following algorithm
finds a mean partition order I of the input weights w'¥. Note that the algorithm does not
modify the weights w'" and that the operation ‘break’ means exiting from the current
(innermost) ‘while’ loop.

Algorithm 12 MEANPARTITIONORDER (w! )

1: Set p = MEAN(w ) (‘pivot’).
2: Set iy =0and i, = N + 1.
3: Initialise I as the index set [N].
4: while True do
5: while iy < min(i,, N) do
6: Set iy =10 + 1.
7 Break if w!" > p.
8: end while
9: while i, > iy do
10: Set iy = iy — 1.
11: Break if w!™ < p.
12: end while
13: Break if iy equals i,,.
14: Swap indices iy and 4, of I.
15: end while
16: output [

E.2. Algorithm for constructing dyadic blocking sequences.

Algorithm 13 DyapicCANDIDATEBLOCKINGS(T € {2,3,...})

1: Denote by p* the largest p such that 2P +1 < T.
2: fort=1,...,p"+1do

3: Set blocksize = 201

4: Set £ =1;u = 0.

5: Set k = 0 (block index)
6.

7

8

9

while [ < T do
Set k=k+1
Set u = £ + blocksize

Set T,E,i) =/ Tk(:21 = min (u, T)
10: Set £ =u
11: end while
12: end for ‘
13: return Candidate blocking sequences Tl(:zz(i) fori=1,2,...,p*+1

APPENDIX F. DERIVATION OF PLUg

Consider the following artificial conditional particle system that approximates a contin-
uous time conditional particle filter with near constant weights:

e The system has N particles.
e One of the particles corresponds to the ‘reference’, which can not die.
e At most one resampling event occurs at any time k, with probability pg).

e If a resampling event occurs:
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— a dying particle is chosen uniformly among the N — 1 particles (excluding the
reference).
— a particle is selected for ‘reproduction’ uniformly among the N — 1 particles
(excluding the dying particle).
e If a resampling event does not occur, no particles die or reproduce.
Further suppose that the particle population is divided into two groups, ‘ill” and ‘healthy’,
where the ill population is to be interpreted as the particles having reproduced from the
reference or any of its descendants. Denote by Hy and I := N — Hj, the number of healthy
and number of ill (including reference) at time k, respectively. Initially, H; = N — 1.

Theorem 13. For the artificial particle system of this section, it holds for any T > 1 that

T-1 pg)
(53) E[Hr)=(N-1)]] (1 - m)

k=1
Proof. For any k > 2 we have

Hy_y +1, prob. p&-b

Hy | H—y = { Hy—1 — 1, prob. pgz:rle)ase
(k—1)

Hy—1, Prob. pyotning:
where
w-1) -l =1 Hpy
Pincrease — PR N —1 N —1
k-1 k1) Hi1 o Ip
Paecrease = Pr N —1 N—l

(resampling occurs, ill dies, healthy reproduces)

(resampling occurs, healthy dies, ill reproduces),

(k—1) (k—1) (k—1)
b nothing — 1— Pincrease ™ Pdecrease-
Therefore,

E[Hy | Hr—1) = Hr—1 + E[Hy — Hr—y | Hr4]
(r-ndr—1 —1 Hpy -1 Hr1  Ir

= Hp_ — .
TP T N1 PR N1 N1
p(Tfl)
— 1—R—>H_
and
ph Y
E[Hy| = E[E[Hy | Hy_ :<1——>EH_,
[Hr] = E[E[Hr | Hr ]| N =172 [Hy 1]
which yields (53) by repeated application. O

The direct consequence of this result is that PLUq (¢, u) equals E[H, /N| with pg) = ppN
(defined in Section 7) and ¢ considered as the ‘first’ time point.
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APPENDIX G. SUPPLEMENTARY FIGURES

—— CPF-BBS(blocktime =1.0) —— CPF-BBS(nonhomogeneous blocking) —— CPF-BS
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FIGURE 7. The logarithmic IACT (top) of the state L{”) in the CTCRW-T model
with |Ag| = 0.125 for CPF-BS and the CPF-BBS with blocktime 1.0 and the
blocking from Algorithm 11 (bottom).
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FIGURE 8. The estimated mean PLUs and the logarithm of TACT with varying
n for the location state variable at time 0.0 in the CTCRW-P model. The value
of |Ax| was set to 277. The performance of CPF-BS is seen at the far left, with
blocktime = 277.
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