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FILTERS FOR SPATIAL POINT PROCESSES

SUMEETPAL S. SINGH*, BA-NGU VO'!, ADRIAN BADDELEY?, AND SERGEI ZUYEV#

Abstract. Let X and Y be two jointly distributed spatial Point Processes on X and ) respec-
tively (both complete separable metric spaces). We address the problem of estimating X, which is the
hidden Point Process (PP), given the realisation y of the observed PP Y. We characterise the pos-
terior distribution of X when it is marginally distributed according to a Poisson and Gauss-Poisson
prior and when the transformation from X to Y includes thinning, displacement and augmentation
with extra points. These results are then applied in a filtering context when the hidden process
evolves in discrete time in a Markovian fashion. The dynamics of X considered are general enough
for many target tracking applications.

Key words. PHD filter, target tracking, hidden point process inference, online filtering, Poisson
point process prior, Gauss-Poisson point process

AMS subject classifications. 62M30, 62L12, 60G55, 60G35

1. Introduction. Many engineering problems involve the on-line estimation of
the state vector of a system that changes over time using a sequence of noisy obser-
vation vectors. Often a recursive filtering approach [1], [8] is employed as it allows an
estimate to be made each time a new observation is received without having to repro-
cess past observations. Arguably, the most intuitively appealing example, which is the
application motivating this work, is target tracking. Here the state vector contains
the kinematic characteristics of the target under surveillance, and the observation
vector is a (noise corrupted) sensor measurement such as a radar return. Recursive
state estimation is also an important problem in other scientific disciplines, see for
example [23], [10], [3].

An interesting and important generalisation of the above filtering problem arises
when the state of the system and observations are no longer vectors but random finite
sets. In the context of target tracking, this corresponds to a multiple target scenario.
Instead of a single target there are now many targets whose states are to be estimated.
The number of targets changes with time due to new targets constantly entering the
surveillance region and old ones leaving it. Like the single target case, a sensor collects
measurements from the multiple targets. However, some of the targets may not be
detected by the sensor. Additionally, the sensor also receives a random number of
false measurements. (In the case of a radar, this may is due to non-target generated
reflections.) As a result, the observation at each time step is a set of measurements of
unknown origin, only some of which are generated by the targets while the remainder
are false (or clutter). The initial number of targets is not known and only a prior
distribution on their number is available. Since not all the targets are observed at
each time and new targets are constantly being introduced to the surveillance region,
the number of targets are not known and also has to be estimated. More generally,
the aim is to estimate, at each time step, the time-varying state set from the entire
history of observation sets.

*Dept. of Engineering, University of Cambridge, UK (sss40@cam.ac.uk).

TDept. of Electrical and Electronic Engineering, University of Melbourne, Australia
(bv@ee.unimelb.edu.au).

tSchool of Mathematics and Statistics, University of Western Australia, Australia
(adrian@maths.uwa.edu.au).

$Dept. of Statistics and Modeling Science, University of Strathclyde, Glasgow, UK
(sergei@stams.strath.ac.uk).



2 S. SINGH, B.-N. VO, A. BADDELEY AND S. ZUYEV

We commence with the study of the following static inference problem. We regard
the unknown number of targets and their states as a hidden Point Process (PP) X on
a complete separable metric space (CSMS) X, and the collection of sensor measure-
ments as the observed point process Y on a CSMS ). The problem of interest can be
simplified to that estimating the hidden PP X given a realisation of the observed PP
Y. A prior for the hidden PP X together with the likelihood for Y gives the posterior
distribution for X via the application of Bayes rule. Although such a PP formulation
for multi-target tracking is not new, see [14], [22], [17], [7], there are very few works in
the open literature that aim to characterise the posterior of X given Y. This problem
was studied by [11], [12] for an unrelated application in Forestry. For the transfor-
mation from X to Y, the authors considered several disturbance mechanisms which
included random thinning, displacement and augmentation of extra points (more de-
tails in Section 3.1). The prior distribution was assumed to be a regular PP such as a
Strauss process. In this case the posterior does not admit a computationally tractable
analytic characterisation and it was approximated numerically using Markov Chain
Monte Carlo [12]. In the tracking literature the problem was studied in [13]. For this
same observation model and a Poisson prior for X, an expression relating the inten-
sity (or the first moment) of the posterior and the prior was derived. (The Poisson
PP is completely characterised by its first moment and it can be shown that all one
needs to do to find the best Poisson approximation to the posterior is to characterise
the posterior intensity [13]; see also Lemma A.3.) In addition, under the assumption
of a time varying hidden process with Markovian dynamics, the author also derived
the intensity for the posterior predicted one step ahead in time. These results were
combined to yield a filter that propagates the intensity of the hidden PP and is known
in the tracking literature as the Probability Hypothesis Density (PHD) filter [13].

To the best of our knowledge, [13] is the only work geared towards a practical
on-line filtering approach for a Markov-in-time hidden spatial PP observed in noise.
Detailed numerical studies using Sequential Monte Carlo approximations [20, 21] (and
references therein), as well as Gaussian approximations [19] to the PHD filter have
since demonstrated its potential as a powerful new approach to multi-target tracking.
Partially motivated by this, in this paper we extend the results in [13] in several
directions.

e In the case of the Poisson prior, the posterior was characterised only indirectly
in [13] by providing the formula for its Probability Generating Functional
(p-g-fl.) The author arrived at this formula by differentiating the joint p.g.fl.
of the observed and hidden process. While this is a general proof technique, it
is a rather technical approach (see the penultimate paragraph of this section)
that does not exploit the structure of the problem - a Poisson prior and an
observed process constructed via thinning, displacement and augmentation
allows for a considerably stronger result with a simpler proof by calling upon
several well known results concerning the Poisson PP [9]. In doing so, we
are able to provide a closed-form expression for the posterior which is quite
revealing on the structure of the conditional process X given the observed
process Y. Corollaries of this result include the expression relating the inten-
sity of the posterior and prior (Cor. 4.2) as well as the law of the association
of the points of the observed process (Cor. 4.3).

e While the result in [13] is only for a Poisson prior for X, we extend the
result to a Gauss-Poisson prior which covers the Poisson prior as a special
case. (This extension is interesting for several reasons as detailed in the next



FILTERS FOR SPATIAL POINT PROCESSES 3

paragraph.) Using the characterisation of the posterior for a Gauss-Poisson
hidden process, we apply the result in an online filtering context. We derive
a new filter that propagates the first and second moment of a Markov-in-
time hidden PP observed in noise which generalises the first moment filter
proposed in [13].

A Gauss-Poisson PP generalises the Poisson PP by allowing for two-point clusters
in its realization. This has important modeling implications. We consider a multiple-
target tracking model where in addition to birth and deaths of targets, existing targets
may spawn new targets. Such a model has already been proposed [13] but the differ-
ence is that our model can explicitly account for correlated movement between the
parent and spawned target. Under this model, it is shown that the marginal distribu-
tion of the hidden process which represents the targets is Gauss-Poisson for all time;
see Prop. 5.1. It is proper to approximate the posterior in this case by retaining
the first two moments to more faithfully capture the correlation between the targets,
which is of course not possible by just retaining the first moment. A PP which is com-
pletely characterised by its first two moments is the Gauss-Poisson process. Therefor
this motivates the characterisation of the posterior for a Gauss-Poisson prior and the
subsequent approximation of it by the closest fitting Gauss-Poisson process. (See
Section 5.1 for more details.)

In the absence of spawning, our generalisation to a Gauss-Poisson hidden process
yields a more flexible observation model. The observed process is generated assuming
that either no measurement or only a single measurement is recorded from a target
during the measurement acquisition phase by the sensor. This has been noted to be
restrictive [6]. For example, when a target is closer in proximity to the measurement
acquisition sensor, the resolution is improved and the sensor may be able to resolve
individual features on the target [6]. Pre-processing of data from sensors prior to
statistical analysis may also result in more than one measurement per target as, for
example, during the process of converting an image based observation to point process
observation by clustering intensity peaks in the image and extracting the center of
these peaks. Our Gauss-Poisson generalisation results in a model where a target can
generate at most two measurements per time.

We also clarify some important technicalities concerning the use of the derivatives
of the joint p.g.fl. to characterise the posterior. These issues, which are fundamental
to the proof technique, were not considered in [13].

This paper is organised as follows. Section 2 contains necessary definitions and
notation as well as some basic facts about Point Processes. Section 3 describes the
observation and underlying process models we will be dealing with. In the main Sec-
tion 4 we characterise the posterior distributions for Poisson and Gauss-Poisson priors.
Finally, Section 5 addresses the practical problem of online filtering and develops on
the theoretical results obtained in the previous section. The Appendix contains some
necessary auxiliary statements and technical proofs.

2. Definitions and Notation.

2.1. Preliminaries. Our primary motivation are applications that involve an
unseen simple finite point process (PP) X which is observed indirectly through another
finite PP Y. It can be defined with the help of disjoint union as the canonical
probability space (see, e.g., [15, 4]).

Given a complete separable metric space (CSMS) X, denote by B(X') the Borel
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o-algebra on X. Define the state space for the hidden PP X to be the disjoint union

xY=[]Ja
neN

where X0 = {()} corresponds to empty configuration, X" denotes a n-fold Cartesian
product of X and N denotes the set of non-negative integers. Hence, any realisation
x of X belongs to X" for some n € N.

The collection of measurable sets of XV, denoted by o(XV), is the class of all
sets A = U, en A™ in XY such that A™ € B(X™). A probability measure Px on
(XY, 0(X")) can be defined by specifying its restrictions P)((") on (X", B(X™) for each
n € N. The probability that there are n points is p,, = P)((")(X ™) and p,, should sum
to one, ie. Y npn = 1.

Let A be a subset of X" and o a permutation i1, ...,%, of 1,...,n. Let AS,")
be the set obtained from A(™ by the permutation (z;,,...,z;, ) of the coordinates of
each vector in A(™). The measure P;cn) is symmetric if P)((n) (Af,”)) = P)((") (AM) for all
permutations o. There is no preference in the ordering of the points in a realisation
of a PP which may be thought of as random finite set. To be consistent with this
interpretation we require P)((n ) (for all n) to be a symmetric measure on B(X™), which
implies that equal weight is given to all n! permutations of a realisation x € X™.

A real valued function f on X" is measurable if and only if each f,,, which is the
restriction of f to A", is a measurable function on X", n € N. The integral of f with
respect to Px is defined to be

/ Px(dx)f(x) = > [ P (dwr, ... dwn) fulr, oo wn).
XY o/ X"

When for all n fo(21,...,2,) = >y La(z;), A € B(X), the above integral returns
the expected number of points of X that fall in the set A [4, 18]. We denote this
measure by Vx(dz), which is known as the intensity measure or first moment of the
PP X [4].

Hereon, the notation Glh1, ..., hy,] will be used to denote a functional G evaluated
at hi,..., hy. A measure u(™ on the nth-product space (X™, B(X™)), can be treated
as a multi-linear functional, in which case the following functional notation applies

ph, . b :/ D (day, . dan)hy (1) - - - B ().

A kernel K : B(Y) x X — R, is a measurable function = — K (B|z) for every
set B € B(Y) and a measure K(-|z) on B(Y) for every x € X. For a kernel K and a
function h on ) the following linear operator notation applies:

(Kh)(x) = /y K (dyla)h(y).

2.2. Probability Generating Functional. The probability generating func-
tional (p.g.fl.) is a fundamental descriptor of a PP and will play an important role in
the development of some of the results. Let U(X) be class of all bounded measurable
complex valued functions g on X which differ from 1 only on a compact set. The
p.g.fl. Gx of a point process X on X is a functional defined by [15], [4],

GX[g] EZP)((n)[gv~-'?g]7 (2'1)

n=0
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on a domain D C U(X) that includes the unit ball {g : ||g|]| < 1}, where ||-|| denotes
the supremum norm. Let g and ¢ be fixed elements of U/ (X'). The functional derivative
at g in the direction ¢ can be defined, if the limit exists, as follows

Gxlg + (] — Gx|g]

0% l:¢) = lim

The domain of Ggé)[-;(] contains {g : ||g|| < 1}, since ||g + e¢|| < 1 for all sufficiently
small e. Similarly, we can define the mth (m > 1) iterated derivative as:

(m—1) : _gm=Dy,.
G@[g;cl,...,cm]:g%GX [9+5C’“’C1""’Cm*;} Cx lgi6 s Gma],

The law of X can be recovered from Gx by differentiation [15]

GYV10: ¢ty e C] = mIPY™ (G Gl (2.2)

The intensity measure Vx can also be obtained by differentiating Gx (see [15, 4])
Vi (4) = lim G g: 4], (2.3)

Some of the results we present are specialised to Poisson PPs. A Poisson PP X is
completely characterised by its intensity measure Vx. To sample X, first the number
of points are drawn from a (discrete) Poisson distribution with mean Vx (X'), then the
location of the points are drawn independently according to Vx(-)/Vx(X). Hence for
a Poisson PP,

n — 1 n
P =e VX(X)EV)(( ), (2.4)

where V)((n) is the nth product measure, and its p.g.fl. is
Gxlg] = e, (2.5)

2.3. Bivariate and Marked Point Process. A similar setting applies to the
observed PP with state space )Y = UnEN Y™ and measurable sets o()Y"Y) which is
defined through realisations of X. The process Y given X = x, denoted Y (x), has
distribution Py |x (-[x). We assume that the family of distributions { Py x(-|x) : x €
X"} satisfies the usual regularity assumptions: for each Aca (YY), Pyx(A|") is a
measurable function on X“. The joint probability distribution Py x of the bivariate
point process (X,Y) on the product space (XY x YV, o(XV) ® o(Y)) is then given
by

Px vy (dx,dy) = Py x(dy[x)Px(dx). (2.6)

Applications involve specific realisations of Y, hence we require the likelihood
function of Y given X = x. Let Ay be a diffuse reference measure on ) (the stan-
dard case is when ) is a bounded subset of R? and My is the Lebesgue measure).

Let Pg&ﬂx) denote the restriction of Py |x(-|x) to Y™. We assume that for each

n € N, P‘(("‘)X(|x) is a symmetric measure on V" which admits a symmetric den-

(n

sity pY‘)X(~|x) relative to A}, and for each (yi,...,yn) € V", pgﬁ)x(yh ceUnl) Is a
symmetric measurable function on X“.
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The p.g.fl. Gx vy of the bivariate point process (X,Y) [15, Section 5] is given by

Gx,ylg,h Z/n PYY (.. dzn)Gyx[h] (21, ... z0)] g(21) - g(zn)  (2.7)

n=0

provided the integral exists. Gx v[g, ] is well defined for all complex valued measur-
able g, h satisfying | g|| < 1,[|h|| < 1 since the latter implies |Gy x[h|x]| < 1. In the
interest of brevity henceforth, we denote

Gxvg.h] = / Px (d%) Gy x 1] o] (2.8)

where I, . [g] = [T, 9(xi). We use the notation Gggﬁ) [9,h;Ch,y- -y Gm] to indi-
cate that we differentiate w.r.t. the first argument of Gx y zero times and differentiate
w.r.to the second argument m times.

An important case of the bivariate PP is when there is a bijection m between
the points of the process X and Y for almost all their realisations. In this case
each realisation (x,y) can be represented as a collection of points (z;, m(x;)), x; €
x,m(x;) € y and all m(z;) are distinct. It is common to refer to this representation
as a marked PP with position space X and mark space Y. In the sequel we will be
dealing with a particular case of bivariate processes where the marks m(z;) for each
point x; in a realisation x of X are drawn independently from distributions M (-|z;)
for a given kernel M (dy|x). This defines the conditional distribution of Y as

sym
Pyx (dy|x) = [H M (dyi|z:) (2.9)

T;EX

if the cardinalities of x and y are equal and 0 otherwise. By construction, Py|x (0|0) =
1. We used above the symmetrisation notation meaning averaging over all permuta-

tions of indices: if x has n points and o is a permutation of (1,...,n) then
sym 1 n
lH M(d%%’)] = EZHM(dyH%(i))-
T;EX o =1

If X is Poisson, then substituting (2.4) and (2.9) into (2.8), the terms combine to
produce Gx vylg,h] = eVx¥loh=1] " corresponding to a Poisson PP on the product
space with intensity measure Vx vy (dz dy) = Vx(dz)M (dy|x). This fact is known as
the Marking theorem for a Poisson process and reflects independence of its points
(see, e.g., [9, p.55]).

3. Problem Statement. We aim to characterise the probability distribution of
X conditional on a realisation y = (y1, ..., ¥m) of Y which is defined to be

Px (dx)pyx (y|x)
J Px(dx)pyx (y]x)

provided that [ Px(dx)py|x(y|x) > 0, where pyx(y|x) is the likelihood of the re-
alisation y of Y given X = x. (We use the subscript X|y as an abbreviation of
X|Y =y.) We will consider both a Poisson and Gauss-Poisson prior for X. We will
also characterise the p.g.fl. of the posterior:

Px|y(dx) = (3.1)

/Px(dX)PY|x(Y|X)Hx[9}

Gxlylgl = J Px(dx)pyx (y|x)

(3.2)
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Our interest in characterising Gx|y is because one then obtains the intensity measure
Vx|y(+) of Px|y straightforwardly by differentiation. The intensity measure Vx|, plays
a central role in online filtering of a PP observed in noise (see Section 5.) It is possible
to compute Vx|, using numerical methods such as Sequential Monte Carlo [5, 21]. The
intensity is regarded as a “sufficient statistic” for Px|,. In fact it can be shown that
a Poisson PP with intensity Vx|, is the best Poisson approximation to Px|y in the
Kullback-Leibler (KL) sense [13] (see also Lemma A.3).

3.1. Observation Process Model. Our goal is to characterise Px|, for a spe-
cific (but quite general) observation model and different priors on X. In this section
we present the model for the generation of the observed process Y.

Our model for the observed process covers thinning, Markov shifts and superpo-
sition of false observations. Applications of this model include multi-target tracking
[13] and spatial statistics [11, 12].

(Detections.) Consider a realisation x = (z1,...,z,) of X. Each point z; in the
realisation generates a Y-valued observation in the set A € B()) with probability

L(Alz:) (3.3)

where L : B(Y) x X — [0,1] is a regular transition kernel with density I(-|x) relative
to the reference measure A\y. This happens independently for each x;. The set of
such points z; is denoted by X. Note that 1 — L(Y|z) = L(Y|z), is the probability
that the point x generates no observation. Subset of the points of X generating no
observation is denoted by X. Finally, © stands for the finite PP on ) of observations
induced by X. R

(Clutter.) In addition to the detection PP © generated from X we also observe
points unrelated to X, which are termed clutter. We model clutter by a finite Poisson
PP K on Y with intensity measure V. We assume that K is independent of the
hidden PP X and the detection PP ®. We assume that Vk admits a density with
respect to the reference measure Ay on Y,

Vic(A) = [, v (dy)vk (y). (3.4)

The observed process Y is then a superposition of the detection PP ® and the clutter
PP K.

4. Posterior Characterisation. This section presents the main results of the
paper where we characterise Px|, and Gx|y[g] for the observation model described in
Section 3.1. We commence first with a Poisson hidden process and then present the
results for a Gauss-Poisson hidden process.

4.1. Characterisation of the Posterior for a Poisson Prior. The character-
isation of Gx|y for a Poisson X was first established in [13]. The author characterised
conditional p.g.fl. in closed form by differentiating the joint p.g.fl. This is a general
proof technique that we follow up on in Section 4.2 when dealing with a Gauss-Poisson
hidden process. However, it is a rather technical approach that does not exploit the
structure of the problem nor does it shed light on the structure of the conditional
process X given the observation y. In this section we derive Px|, for a Poisson prior
explicitly (and not implicitly through its p.g.fl.) and express it in closed-form. The
result is new and the proof is novel as well as intuitive. We commence by outlining
the proof technique.

The basic idea is to use the above mentioned decomposition of the hidden PP X
into superposition of X and X, where X is unobserved while X is observed in noise
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(through Y). Since X is obtained from X by independent marking then both X _and X
are independent Poisson with respective intensity measures Vi (dz) = Vx (dx)L(Y|x)
and Vg (dx) = Vx(dz)L(Y|z), see, e.g., [9, p.55]. This decomposition sheds light

on the structure of the posterior: since X is unobserved, its law is unchanged after

observing Y. As for X, let its posterior be Pf(ly' Thus, the desired posterior Px|y is

Pxjy = Pg * P (4.1)

Xly
where * denotes convolution, which follows since X is the superposition of X and X.
In the special case when there is no clutter, Pf(|y is a Binomial process comprising of
the same number of points as in y as every point in y is an observation of one and only
one point of X. When there is clutter, assuming there were m observations in total,

P)Aqy is a distribution on X with support entirely on y X". In Proposition 4.1
nsm

below, Py, is characterised explicitly by (4.3) and the result of the convolution is

expanded in (4.4).

To formulate the result, we need a further notation. Introduce M = {1,...,m},
N ={1,...,n} and let S(K, K’) be the set of all bijections between two finite sets
K and K’ of the same size. It is also convenient to extend the phase space X to
X' =X U{A;} by adding an isolated point A;. All the points of the clutter process
K are artificially put at A;.

PRrOPOSITION 4.1. Suppose that both processes X and K are Poisson with in-
tensity measures Vx and Vk admitting densities vx(x) and vk (y) w.r.t. reference
measures Ay on X and Ay on Y, respectively. Then the observation process Y 1is also
Poisson with the density vy given by

vy (y) = vk (y) + Vx[l(y[-)] - (4.2)

The conditional distribution of X given observation'y = (y1,...,Ym) of Y coincides
with the distribution of the superposition of two independent processes: Poisson process
X of unobserved points with intensity L(Y|x)vx (z), © € X, and the restriction onto X
of a binomial process X with m points in X' = X U{A1} with conditional distribution

m sym
Py, A2y, ... dzy,) = lH ;L(dxﬂyl)} . @ € XU{A},, (4.3)
i=1
where p(dz'|y) is given by (4.7). Equivalently,

Px‘y(dJ?l, ey dl'n) = Z LiLoL3 y (44)

MiCM

N,CN

| My |=|Na|

where

L= H UK(yj)

JEM\M, vy (y;)

L= Y TI LYo (il wi)vx (1) A (dazs)
o€S(N1, M) i€Ny Y (Yo(i))
e VL] B

Ly=———— [[ LOlwivx(@re(dr).

1€EN\Ny
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The intensity (or first moment) of Pxy has density
i)
vxly (@) = LV|z)vx (= +Z Hilz)vx(z) X , TEX (4.5)

Proof. Define a new point process which we call 2. Formally, = is a marked point
process with position space X’ = X U {A;} and mark space J' = Y U {As}, where
{A1},{A3} are two isolated one-point sets not elements of neither X’ nor Y. Specif-
ically, every point of the clutter y € K gives rise to a point (Aj,y) and thus carries
its position y as its mark. Then each point x € X receives the mark corresponding to
its observation y and the mark A, if it generates no observation, see Figure 4.1.

Not observed

Ay >
|
l Clutter
|
|
(78 S ®
R e - )
| |
| |
| |
@®--l------ o | K
| : |
y 1 | 1
[ | [
L R Rt e -9
| | |
| | |
® ® ®
To  x z A

F1G. 4.1. Process 2 (void dots) and the corresponding processes: X (on horizontal azis), K
(vertical line on the right) and Y (vertical azxis). The upmost point corresponds to xo € X which
generated no observation.

Both processes X and K are Poisson and observation positions are determined
independently for each point. Thus, appealing to the Superposition and Marking
Theorem for a Poisson process (see, e.g., [9, p.16,p.55]) it can be seen that = is
also a Poisson process in the product space X’ x )’ driven by an intensity measure
Va(dx',dy'"). Tts restriction on X x ) is the skew product of measures Vx (dx)L(dy|z),
while Vz(Ay,dy) = Vi (dy) and Va(dz, Ap) = L(Y|z)Vx (dz). Finally, Va(Ay, Ag) =
0 as the clutter is observed by definition. The projection of points of = that fall in
X x Y and X x {Az} onto X decomposes the process E into the Poisson processes of
observed points X and unobserved points X mentioned above.

Now, conversely, consider the second coordinate )’ as position space and the
corresponding first coordinates as marks. Then, using Vz(dz',dy’), we can express
the mark distributions p(dz'|y’), y' € Y’ which, as before, has the meaning of the
conditional distribution of the mark z’ of a point of Y’ in location y’. We are interested
in the observed locations, i.e. when 3/ =y € ).

Although it is possible to deal with non-diffuse measures, for the sake of simplicity
and keeping in mind applications considered in this paper we assumed above that Vx,
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Vk and almost all L(-|x) have the densities vx, vk and I(-|z) with respect to their
corresponding reference measures Ay and Ay. Then the intensity function of E (the
density of V) in X x ) is

va(a,y) = ylo)ox (@), zeX,yey (4.6)

and v=(A1,y) = vk (y). The marginal density at y is then given by (4.2). Hence, the

mark distribution p(dz’|y) has two components: diffuse supported by X and atomic

concentrated on {A;}:

ve(2’, y) Ax(da’)
vy (y)

v
Hx(.’ll‘/) + ’Uigzg I[{Al}(x’) , 2exu {Al} (4.7)
which, in view of (2.9), gives rise to (4.3). Expression (4.7) can be interpreted as
follows: an observed point y € Y is a clutter point with probability 1 — ¢(y) =
vk (y)/vy (y) and with complimentary probability g(y) is an observation of some z
distributed with probability density ¢~!(y)v=(z,y)/vy(y) in X. Again, marks re-
ceived by points of Y and, generally, multiple points at Ay are independent since
they are defined through the bivariate Poisson process E. As a consequence, the
conditional distribution of X’ which is X and multiple points at A; given realisa-

tion y = (y1,...,ym) of Y corresponds to the superposition of two independent

p(dz'ly) =

processes on X’. One is the Poisson process X of non-observed points with density
L(Y|z)vx(z),z € X which projects onto X from X x {As}. The other is the Binomial
process of m independent points in X’ each following the mark distribution (4.7) of
one of the points of y. These two processes give rise to the corresponding two terms
in the expression for the conditional intensity (4.5). Taking into account all possible
associations of points of x = (z1,...,z,) with points of y and Ay, one arrives at (4.4)
with Ly corresponding to the clutter points, Ly — to the set M; of X-points generat-
ing observations in different combinations and Lz — to the set N \ Ny of unobserved
points. O

COROLLARY 4.2 (Mabhler [13]). Conditional p.g.fl for a Poisson X given obser-
vations y is given by

Gxylg = oV [f(y\‘)(g—n] H [Vx[l(yi|~)g] I vk (¥i) (4.8)
viCy vy (yi) vy (4i)
for any non-negative real valued bounded function g and vy given by (4.2).

Proof. Extend the function g onto X U {A;} by setting ¢'(2') = g(z) Tx(a’) +
A, (2). According to the statement of Proposition 4.1, Px|y corresponds to the su-
perposition of two independent processes: a Poisson process X with intensity measure
Vx (dz)L(Y|z) and the restriction to X of a binomial process X’. Hence

Gxylg] = Gxl9]Gx, l9']-

Now using (4.7) we come to (4.8). Note that the conditional intensity expression (4.5)
can also be obtained by differentiating (4.8) at g = 1. O

The proof of Proposition 4.1 also characterizes the distribution of the origin of
the measurements, i.e., whether they are target generated or clutter. (The notation
below was defined prior to Proposition 4.1.)

COROLLARY 4.3. Let My C M index the observations that are target generated

while M\ My indexes clutter. P(Mly) = [Ticps, % x [jernan Z:Eij;
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Proof. Consider the restriction of the process E defined in the proof of Proposition
4.1 to X’ x Y. Consider the second coordinate ) as position space and the corre-
sponding first coordinates as marks. Then conditioned on the observed positions, the
marks are independently distributed according to (4.7) from which the result follows.
0

4.2. Characterisation of the Posterior for a Gauss-Poisson Prior. Con-
sider two independent Poisson PPs, one of which is on X and the other on X x X.
The Gauss-Poisson PP X, introduced in [16], can be represented as the superposition
of the realisations of the two independent PPs to form a single unordered set in X' [2].
Let W be the Poisson PP on X with intensity Vay(dx) while Z the Poisson PP on
X x X with intensity Vz(dz1, dzs). Associating a pair of points x1,z2 in X to every
point (z1,z2) in a realisation of Z, the superposition of these pairs and the points of
W gives rise to a GP X with p.g.fl.

Gxlg] = Gwlg] Gz[f]lj—yxy = exp Vg — 1 exp Vz[f — 1]|;_, ., - (4.9)

The Brillinger’s representation [2] of a GP process implies that, instead of Px|y, it
is equivalent to characterise the posterior Py 7, (dw x dz) which is a joint probability
distribution on the product space X" x (X x X)“ while the prior was the product of
independent Poisson distributions Pw (dw) and Pz(dz). As in the Poisson case of
Section 4.1, the prior is not conjugate for the observation model and the posterior
will no longer be GP. Thus, we aim to find the best GP approximation to it in
Kullback-Leibler (KL) sense.

Let the reference measure on XV x (X x X)" be the direct product of the reference
measures Per and Qe defined on XY and (X x X)Y respectively, where the priors
satisfy Py < Poer and Pz < Qrer. Using standard results concerning densities on
product spaces, minimising the KL criterion,

dPW,Z
KL(PW,Z|yH P1 ® PQ) = /dPW,Z\y IOg d ly (410)

(PL® P,)
with respect to Py ® P» is equivalent to maximising (see the proof of Lemma A.3)

d(P,® Ps)
P 1 P S A
/d W.zly °8 d (Prcf (24 Qrcf)

dP, dP:
— [ Py v, (2% 00 log 51 (w) 4 [ Py (2 ) og 0 (2)

where the second line follows from the fact that the density of P; ® Py W.r.to Prer ®
Qref is the product d‘ng (w) d‘gj 2-(z). We see immediately that the marginals P; =
Pw|y(dw) and P, = Pgjy(dz) is the solution. We may now combine this observa-
tion and Lemma A.3 in the Appendix to obtain the following result. (Lemma A.3
characterises the best Poisson fit to the marginals.)

PROPOSITION 4.4. Minimising KL(PW,ZIy” Py, ® Py) with respect to Py @ Ps
with the additional restriction that Py and P> are Poisson is solved by the Poisson
distributions with intensity measures of Pyw|y(dw) and of Py, (dz).

The proof technique employed in Section 4.1 to characterise the posterior equally
applies for Py zy. However the convolution of the law of the unobserved and the
posterior of the observed process would be cumbersome in this case. It is algebraically
more convenient for us to complete the result by first characterising Gwy[g] and
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Gzjylf] in closed-form. (The intensity measure of the marginals may then be obtained
by differentiating these p.g.fl.s.) To do so, we will require the following definitions.

Let
A(h)(z) =1 = LY|z) + (Lh)(2) = L(Y|x) + (Lh)(z). (4.11)

It follows from the defined observation model in Section 3.1, the conditional p.g.fl.
Gy‘wﬁz[hlw, Z] is

Gy‘w’z[h‘w = (wl, ey wn), zZ = ((21’1, 21’2), ey (Zm,la Zm)g))]
= G[R][ JAMR) (wi) [TA(R) (25.1)A(R)(25.2). (4.12)
i=1 j=1

Specifically, the expression follows from the fact that each point w; in W (and z;;
in Z) generates an observation independently of the remaining points and the clutter
process is independent. We now define the joint p.g.fl. Gw,z vlg, f, h] to be

Gw,zylg, f,h] = /PW(dW)PZ(dZ)GY\W,Z[vaZ]Hw[g]Hz[f] (4.13)

where Iy, was defined immediately after (2.8). Define the following p.g.fl.s:!

i) = [ Veldor,deo)islen)ugle) f (o,
+/Vz(dxl,d:c2)l(yj\xl)l(yi|x2)f(x1,:c2), (4.14)
Ulg.f) = [ Vaw(do)g(@)i(wifo) + ()
+ [ Valder, deo) Tkl gskea)f (o1,22)

+ / Vz(d.’lﬁl, d$2)l(y2|$1)Z(y|$2)f(:E1, 3?2). (415)

Let o{j;m} denote the set of all distinct partitions of {1,2,...,m} into j sets of
cardinality 2 and a single set comprised of the remaining m — 2j elements. We denote
an element of o{j;m} by
o = ({o1,02},...,{02j-1,02;},{02j+1,...,0m}). The proof of the following result
appears in the Appendix.

PROPOSITION 4.5. Let Gw,z v be defined as in (4.13). Then, conditioned on the

1The elements of w, w;, are not to be confused with the functional w; ;[f] defined in (4.14),
which is lower case omega.
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realisation’y = (y1,...,Ym) of Y,

[m/2] J m
% {Z } Hl Wog 1,00, 1] I;IHQW 9, 1]
j=0 o{j;m}i= i'=2j -
Gwilol = o - exp Vw[(g = DL(Y])],
> 2 Iwessell T 0, [11]
Jj=0 o{j;m}i=1 i/ =2j+1
(4.16)
[m/2] J m
2:0 {Z ) ‘H1w0'2i—170'2i[f} ) 12_[+1Q‘7i’[17.ﬂ
i=0 o{j;m}i= i'=2j
Gzl = T j m
> 2 Iwoy vl 11 Q0 [1,1]
7=0 o'{j;m} i=1 i =2j+1
x exp Vz[(f = 1) (LY|) x LY]))]; (4.17)

where g, [ are real valued non-negative functions satisfying |lg|| < 1, ||f|| < 1.
We may differentiate Gwy[g] and Gzjy[f] to obtain the intensity measures of
Proposition 4.4:

Vavly (4) = Vw[L(V[)Ia()] + C 7 éain[l(yil-)IA(-)], (4.18)

Vz|y(A) = /Vz(dl‘l,dxg)f(y|l‘1)f(y‘ll?2)],4(f£1,CCQ)

m

+C '3, / Va(day, das) (D)) (il22) + TV\e2)llar)) Ta(w, o)

K2

+3 X F

i=1j=it1 C

/ Va(dey, des) ((wsle) s |e2) + 1w 20)l(wle2)) L (21, 22)
(4.19)

where a;, b; ; and C are constants and the number of terms in the double sum is
m(m — 1)/2. (The exact expression for these constants can be easily deduced from
the expressions for Gw|y[g] and Ggzy[f].) However, computing these constants is
computationally prohibitive for large number of observations m and below we detail
a simple approximation scheme. The basic idea is to retain only those terms that
contribute most to the evaluation of a;, b; ; and C in the sense to be made precise
now.

A convenient modeling assumption is that the observation kernel admits the fol-
lowing representation:

L(Alz) = pp(x) /A My (d)T(yl), (4.20)

where pp(z) is the detection probability and I(y|xz), which integrates to one, de-
termines the distribution of the observations. Let also the detection probability be
uniformly bounded by a constant pp(x) < 8. The parameter 8 will subsequently be
varied from 0 to 1, but it will have no effect on I(y|x) in (4.20); it serves only to
diminish the detection probability.

In the definition of €; and w; j, replace all instances of L(Y|z) with 1 — pp(x)

and I(y|x) with pp(2)l(y|z). Gwylg], omitting the exp Vaw|[(g — 1)L(Y|-)] term, is a
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m
weighted sum of p.g.fl.s of the following form, [ €,,[g,1] where the weighting
i=2j+1

term is proportional to ll[ Wogi_1,00; 1], Thus Vyyy is also a mixture of intensity
i=1

measures (which are uniformly bounded in ), one from each p.g.fl., with the same
weight as its corresponding p.g.fl. All intensities in the numerator and denominator of
Vav|y having one or more w term in its weight is o(3). Ignoring all terms in the mixture
with an o(8) weight would give rise to an o(83) approximation to Vw|y.2(A similar
argument applies for an o(/3) approximation to Vz,..) Thus an o(3) approximation to
the first moments in (4.18)-(4.19) is C =1, b; ; = 0 for all ¢,j and

(4.21)

Proceeding similarly, to obtain an o(/3%) approximation, note that any weight with two
or more w terms is o(3%). The corresponding o(3?) approximation to Vwy and Vg,
is obtained by omitting mixture terms with o(3%) weights, which yields (4.18)-(4.19)
with

ap =T+ > wiylt] T @ult1], (4.22)
— i=1j=i+1 -
7k 2 ek g
m
blv] H Qk[171}7 (423)
k=1
k#i,5
C= HQl[L 43 > wii[1]biy, (4.24)

©
Il
-
~
|
—
<.
Il
I
+
=

5. Application to Filtering. In this section we apply the formulae for the
posterior derived in Section 4.2 to an online filtering problem defined as follows. We
do so for the case when the hidden process is GP as it yields a new algorithm that
generalises the Poisson hidden process case originally derived in [13]; the latter is
recovered as a special case.

Let {(Xk,Yx)}r>0 be a discrete-time bivariate process where

e the hidden process {Xy }x>0 is a Markov chain with state space X'".

e The observed process { Y}, }>0 takes values in Y and conditioned on {Xy, } x>0,
{Y}r>0 is an independent sequence. Furthermore, for any & the distribution
of Yy, depends on Xy, only.

This is the standard hidden Markov model (HMM) framework but defined on a
general state space; see [8, 3] for background theory. The distribution of Y}, given Xy,
has been described in Section 3.1. Below, we described the hidden process dynamics.

5.1. Hidden Process Dynamics. In Section 4.2, when considering the GP
hidden process, it was equivalent to represent X as (Wy,Zy) where Wy, and Zj,
are independent Poisson processes on X and X x X respectively. The dynamics of
{(Wk,Z)} >0 now described, which are general enough for many target tracking
applications, has the important property that the distribution of (Wy, Zy), for all k,
is the product of independent Poisson distributions.

ZMore precisely the remainder Vyy |y, (dz) — \A/W‘y(d;r) is o(8).
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Given a realisation w = (w1,...,wy) and z = (z1,..., z;,) of Z; and Wy, respec-
tively, we describe the transition to (W41, Zg+1). The hidden process dynamics is
comprised of Markov shifts, spawning and independent birth . All points of Wy and
Z;. undergo a Markov shift while only points of Wj may spawn. The independent
birth process is defined on & only although one may trivially do so for X x X as well.
We assume Wy, and Zj, are independent Poisson processes with intensities Vayy, and
Vz,..

Consider a realisation w = (wy,...,w,) and z = (21,...,2,) of Wy and Zj
respectively. The transition to (W1, Zg41) is defined as follows:

(Markov shift.) Let Fy : B(X U X?) x X — [0,1] be a regular Markov kernel.
Let Fy1(-|z) denote the restriction of Fi(:|z) to B(X) while F o(-|x) its restriction to
B(X?). Each point w; of w undergoes a Markov shift through F} (:|w;) independently
of the remaining points in w and that of z. The probability w; is deleted is 1 —
Fy1(X|w;)—Fy 2(X?|w;), the probability it survives and does not spawn is Fy 1 (X |w;),
while the probability it survives and spawns is Fy o(X?|w;). If w; survives and does
not spawn the kernel F} ;(-|w;), upon normalisation, determines the new location of
w;. For example, w; is shifted into A € B(X) with probability Fi;(A|w;). If w;
survives and spawns then the new location of w; and its child are jointly determined
by the kernel Fj o(-|w;) (upon normalisation).

Similarly, let Fy : B(XUX?)x X? — [0,1] be a regular Markov kernel, let F» 1(-|2)
be its restriction to B(X) and Fso(:|2) its restriction to B(X?). Each point z; of z
is shifted into A € B(X) with probability Fy1(A|z;) or B € B(X?) with probability
F52(B|z;). This occurs independently of the remaining points in z and that of w.
Since for each z, Fo(X U X?|2) = Fp1(X|2) + Fo2(X?|2) < 1, the point 2 itself may
be deleted.

(Independent Birth.) New points unrelated to w and z are generated. Let T" be a
Poisson PP on & with intensity Vr that describes the new points generated, i.e., the
realisation of I' is the new points.

The specification of the kernel F5 o which governs the motion of the parent and
spawned target is flexible. If targets that spawn have a more constrained motion
compared to childless targets, e.g. they move slower or move in unison with their child,
then this may be effected with a suitable choice of kernel Fy 5. If in the application
targets do not spawn but can generate more than one measurement and the probability
of doing so is location dependent, then the kernel F}j o may be selected so that the
“spawned” target coincides in location with its parent. It is natural to assume that
the probability of generating more than one measurement will be location dependent.
For example, when a target is closer in proximity to the measurement acquisition
sensor, the resolution is improved and the sensor may be able to resolve individual
features on the target [6]. The limitation in our model is the fact that no more than
two measurements are allowed.

Given that each point of w and z undergoes a Markov shift independently of the
remaining points, and the birth process is independent, we may invoke the Superpo-
sition and Marking theorems for a Poisson process [9] to conclude that:

PRrOPOSITION 5.1. Wy and Zy1 are independent Poisson processes with in-
tensities

Vwk+1(A) = VF(A) +/AVwk(dw)F1,1(A|w) +/AVzk (dZ)FQ’l(A|Z)7 (51)

Vauo(B) = /B Vg (d2)Faa(Bl2) + /B Vw, (dw) Fy o (Bluw). (5.2)
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5.2. Online Filtering. The prediction step in (5.1)-(5.2) may be combined with
update formulae in (4.18)-(4.19) to give the following algorithm for the online filtering
of the HMM {(Xx, Y1) }x>0 where the observation process was defined in Section 3.1.
The basic idea behind the filter below is as follows. We assume that the law of
(Wi_1,Z_1) given Y1,... Yi_1 is the product of independent Poisson distributions
with intensities (Vaw k—1,Vzx—1). The hidden process dynamics is such that the
predicted distribution, i.e. the law of (W, Zy) given Yq.;x_1, is also the product of
independent Poisson distributions with intensities given by (5.1)-(5.2). As the prior
is not conjugate for the observation model, upon observing Y, we have to invoke
Proposition 4.4 to maintain this simple product of Poisson representation of the filter.

ALGORITHM 5.2.

Initialisation: Let (W, Zg) be independent Poisson processes with intensities
(Vw 0, Vz,0). At iteration k > 1, perform the following two steps:
Prediction: From Vay -1 and Vz —1, define the predicted intensities VW kjk—1
and Vz gjk—1 to be

Vi a1 (A) = Ve(4) + /A Vi s () Fy 1 (Alw) + /A Vi (d2) Fot (A]2),
VZ,k|k71(B):/BVZ,k—l(dZ)F2,2(B|Z)+/BVW,I€—1(dw)F1,2(B|w)~

Update: Upon observing Yi = (Y1,-.-,Ym) (M is not fized!) wupdate the
intensities Vay pie—1 and Vg -1 using (4.18) and (4.19) to obtain Vi
and Vz. . For the o(B) approzimation, C = 1, b;; = 0 for all i,j and
a; = 1/84[1, 1] where

0i[1,1] = / Viw i1 (d2)1 (i) + / T (do)1(yile)
+ / Vasthr (dy, dza) (T )Uwil) + Uil EQf2)) -

For the order o(3%) approximation, ay, b; ; and C are given by (4.22)-(4.24)
with

wi (1] = /Vz,mkfl(dwhdxz)(l(yilwl)l(yﬂm)+l(yj|$1)l(yi\$2))~

6. Conclusion. This paper was geared towards a practical on-line filtering ap-
proach for a Markov-in-time hidden spatial PP observed in noise with applications to
target tracking. We considered both a Poisson and Gauss-Poisson hidden process, and
an observed process constructed via thinning, displacement and augmentation with
clutter. The intensity measure played a central role in online filtering. While it is not
practical to compute the posterior numerically, the intensity can be computed using
Sequential Monte Carlo based numerical schemes [5, 21]. In the case of the Poisson
prior, we were able to provide a closed-form expression for the posterior of the corre-
sponding static problem, from which several corollaries followed. For a Gauss-Poisson
hidden process, we characterised the best product of Poissons approximation to the
posterior. This result was then applied to a Markov-in-time Gauss-Poisson hidden
process which undergoes thinning, displacement and augmentation to yield a new
filter.
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Appendix A. Appendix.

Our proof technique below is inspired by [13] where for a Poisson prior, Gx|y[g]
was given in closed-form by differentiating the joint p.g.fl. (Note that Pxj, for this
case was characterised in closed-form in Section 4.1.) While we will also characterize
the posterior by differentiating the joint p.g.fl., the technical arguments used in the
proof of Proposition 4.5 below are entirely different.

We will need the following technical Lemma concerning the validity of interchang-
ing the order of integration and differentiation. (This issue was not addressed in [13].)
The proof of this lemma is omitted as it is a standard (but tedious) application of the
Dominated Convergence Theorem.

Recall the definition of the observed process in Section 3.1. The observed process
Y is the superposition of the detection PP ©® and the clutter PP K. The various
independence assumptions in the definition of these processes give rise to the following
expression for the conditional p.g.fl. of Y given X = x:

Gy x[h|x] = Gk [h]Gex[h|x] = <" UL [A(h)] (A1)

where Gg|x[h|@] = 1 by convention. For any integer m, ¢; € U(X),i=1,...,m, and
h such that ||h| < oo, GY‘X[h; €1y Cm|X] exists. Let

n[,,]{n(n—l)-~-(n—r+1) r=20,...,n, (A2)
0 r>n.

LEMMA A.1. Consider the p.g.fl. Gy|x|h|x] defined in (A.1). If [ Px X)|x |[m] <
oo , where |x| denotes the dimension of x, then for any ¢; € U(Y), i = 1,.
h € U(Y) with ||h|| < 1 and g € U(X) with ||g]| <1,

REMARK A.2. In the expression (A.1) for Gy x[h|x], a Poisson clutter process
K was included. We remark that the lemma still holds true also for non-Poisson
clutter as long as Gk s k-times differentiable. This is indeed satisfied for a Poisson
K and in fact, for a Gauss-Poisson clutter process too. (The latter being important
for Proposition 4.5 below).

Proof. [Proof of Proposition 4.5) From the definition of Gw z vlg, f, h] in (4.13),
it follows that

Gzx[f.hl = Gwzyxlg, [, h]|,—, = Gx[h] Gw[A(h)] Gz[f (z1, 22)A(h) (1) A(R)(22)]-

The term Gk[h]Gw][A(h)] corresponds to the p.g.fl. of a Poisson PP on Y with in-
tensity measure

Vi (4) + Vav [L(A].)].

We outline the three main steps to derive the conditional functional Gzy[f].

Step 1: The first step in the proof is to derive the explicit formula for
G(O ™) [f h;Cay. .oy G- Fixing f and viewing Gz y[f, h] as a function of h, we note
that Gz,y[f, h] is the p.g.fl. of a GP PP on Y. As such, the formula of Newman [16]
for the derivative of the p.g.fl. of a GP PP may used. Consider (4.14) and (4.15) for
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a fixed f and g = 1. We redefine the left hand side of (4.14) and (4.15) as

wluis) = [ Valder,dea)l(uloa )iy le)f (o1.22)
+ [ Valder, dea)i(ys )i wihoa) o, ), (43)

Q) = [ Vwlda)g(@(uile) + [ Taclda)l(uile)

+ [ Valder, dea) TVl gslea)f (o1,22)
—|—/Vz(dxl,dacg)l(yi|x1)f(y|x2)f(x1,xg). (A.4)
to make explicit the dependence on y;,y,;. (Note that f and g are suppressed from
the notation since they are fixed. Also, the dependence of (4.14) and (4.15) on y;,y;

was not made explicit therein because all formulae for the updated moments are for
a fixed realisation of Y.) We now have [16]

Om)[f7h Cla"'aCm]
[m/2]
Gt S S ] [ v m)xs @), v2)Gon -, (0)Go, (32)

Jj=0 o{jim}i=1

< I [ 3w, w)

i'=2j+1
= Gzv|f. 7] / AT (dyns - dyan ) (1) G (y2) -+ Con (Yim)
[m/2] m
< Y > Hwy@, Yes) | Q) (A.5)
7=0 0'{] m}z 1 i'=2j+1

where the last equality follows from the penultimate by inspection.

Step 2: The second step is to prove the validity of the interchange of integration
and differentiation, which Lemma A.1 asserted for the case when the hidden process
is Poisson on &. In the present setting, Z is a Poisson PP on & x X. We assert that
the interchange is still valid and the proof of its validity proceeds along the same lines
as that of Lemma A.1. The key condition allowing this interchange is that for any k,

/Pz(dz) 2lz)™ <

This integral is indeed bounded since for any A,

)\’ﬂ

n>k/2

- Z ! +Zn' 2n—

k>n2k/2

|

_ — AN
ioasis2 = n n—1 n—k+1 (n—k)!
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The second sum of the last line is bounded since

2n2n — 1 2n—k+1

Sup n n—1 n—k+1

n

‘ < 0.
Step 3: Since the interchange of differentiation and integration is valid we have
LY 0:G1r Gl = [ Paldn) GG Gnlal 1 (o).
Since JS(;T% admits a density by assumption we may write

G(Z()j;n)[f701 Cla---va]

~ [ Paldz 2 s ) P (01 U DG () G0 (2)
[ ) 1(00) - Gon) [ Paldb o, ) (2) ()

where the interchange of the order of integration in the last line follows from Fubini’s
theorem. Comparing (A.5) and (A.6), the proof is complete for the numerator of
Gz)y[f] (denominator in the case f = 0) if we confirm that

lm/2] j m
Z Z Hw(y@iflvydw) H Yo, ) Gzy(f.0] (A7)
J=0 o{jm}i=1 i=2j+1

is indeed a valid version of
[Ptz vl @) (A.8)

in the sense that they agree )\g,m) almost everywhere. Note that (A.7) and (A.8) are

both integrable w.r.to )\g}m) and therefore define measures on B(Y™). (Hence the
need for real-valued non-negative f.) Let 4; € B(Y), ¢ =1,...,m, and set ; = L 4,.
We see that these measures agree on the measurable rectangles of Y™. Since the
measurable rectangles form a m-system, the measures agree on all the measurable sets
of Y™ and the desired result follows.

The proof for Gw|y[g] commences with the joint functional

Gw,xylg, h] = Gwzxlg, f, h]|;_,
= Ga[HGAAh) () A(R) (2] G [gA ()]

and proceeds in three steps exactly as that for Gz [f] just outlined. The term
Gk [h|Gz[A(R)(xz1)A(h)(z2)] can be viewed as the p.g.fl. of a Gauss Poisson clutter
process. Thus the hidden process is Poisson on X’ while the clutter is GP. For the first
step, Lemma A.1 applies straightaway; see comments immediately following Lemma
A.1. The remaining steps proceed as above. O

Let Vx be the intensity of a PP X. The following result, proved in [13], states
that the Poisson PP with intensity Vx is the best Poisson approximation to Px in
the Kullback-Leibler (KL) sense. The result is restated below and proof included for
completeness as it was required for Proposition 4.4.
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LEMMA A.3. The solution to

dP
are P gtl)lz?son/ dPX log CU:))(

satisfies V* = Vx where V* is the intensity of the minimising P* and Vx is the
intensity of Px.

Proof. Let X\ be a finite diffuse measure on X and the reference measure on
(XY, 0(X")), Pret, be the distribution of the unit rate Poisson PP with intensity mea-
sure Viet = A(+)/A(X). Since Px < P < Py, using the standard result concerning
densities we have,

dPx _ dPx ( dp

~1
P = AP dPM) , and it is equivalent to solve

dP
arg P IPli)elts)gon / dPX 10g dP, f

Expanding the integral gives (while ignoring constant terms)

_ V(X)) v(z1)  v(zg)
Z /X> (da, . dan) log [ BT eI vm]
S v ‘rl) n VX n
= E X(m dml,...,dajn)iéllog V(X)+ E P X log[ o V(X) }

—V(X)

_ V(@) | p)pny oo | € 0
—/XVX(dat)logV(X) +7;PX (x )log[ —— V() ]

vx(T) = p(n) ) pom e Vx(X) N
< [ va(anop X3 # 30 R o ]

where vx is the density of Vx w.r.to A\. The first integral of the third line follows from
Campbell’s theorem [18]. The first term of the upper bound in the last line follows
from the non-negativity of the KL criterion while the second term follows from the
fact that argmax, ), p,log(e” f”;,) = >, npn where {p,} is a probability on the
non-negative integers. O
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