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Abstract—This paper develops models and algorithms for
continuous-discrete multiple target filtering, in which the multi-
target system is modelled in continuous time and measure-
ments are available at discrete time steps. In order to do so,
this paper first proposes a statistical model for multi-target
appearance, dynamics and disappearance in continuous time,
based on continuous time birth/death processes and stochastic
differential equations. The multitarget state is observed at known
time instants based on the standard measurement model, and
the objective is to compute the distribution of the multi-target
state at these time steps. For the Wiener velocity model, we
derive a closed-form formula to obtain the best Gaussian Poisson
point process fit to the birth density based on Kullback-Leibler
minimisation. The resulting discretised model gives rise to the
continuous-discrete Gaussian Poisson multi-Bernoulli mixture
(PMBM) filter, the continuous-discrete Gaussian mixture proba-
bility hypothesis density (PHD) filter and the continuous-discrete
Gaussian mixture cardinality PHD (CPHD) filter. The proposed
filters are specially useful for multi-target estimation when the
time interval between measurements is non-uniform.

Index Terms—Multiple target filtering, stochastic differential
equations, Poisson multi-Bernoulli mixture filter.

I. INTRODUCTION

Multiple target filtering plays a central role in many dis-
ciplines such as autonomous driving, computer vision, and
defense [1], [2]. In this problem, we take noisy measurements
from an unknown and variable number of targets that appear,
move and disappear from the scene of interest and the objec-
tive is to infer the locations and velocities of the targets at
each time step.

Multi-target filtering is usually posed in a Bayesian frame-
work, which enables the inclusion of prior knowledge in the
system regarding target appearance and disappearance, and
target dynamics. The standard approach is to model target
appearance, disappearance and dynamics directly in discrete
time, at the time steps when measurements are taken [3]-[15].

Even if the measurements are taken at discrete time steps,
continuous time models for target dynamics are important
in many applications, for instance, ballistic tracking, satellite
orbit determination [16] and when the time interval between
measurements is nonuniform [17]-[19], as in event-driven
tracking [20], [21]. Single target dynamics can be modelled
in continuous time using stochastic differential equations
(SDEs) [22]-[24], as in [17], [25]-[27]. One option to solve a
continuous-discrete single target filtering problem, in which
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we aim to obtain the posterior density of the target, with
continuous-time dynamics, at the known discrete time steps
when the measurements are taken, is to obtain the correspond-
ing single target transition density between any two time steps
using the Fokker-Planck-Kolmogov forward partial differential
equation [23]. Once we have the corresponding transition
density or an approximation, one can solve the continuous-
discrete problem using standard Bayesian filtering techniques
on discrete time. For example, the widely used nearly constant
velocity model, also called Wiener velocity model, uses a
transition density that arises from an SDE [23], [25].

Unified continuous-discrete models for multi-target systems,
which include continuous time models for target appearance,
dynamics, disappearance, and the corresponding discretisation
at the time steps when measurements are received, are not
available in the multi-target filtering literature. One benefit
of a continuous-discrete multi-target model is that it allows
us to perform multi-target filtering with nonuniform time
intervals between measurements in an elegant and mathemat-
ically sound manner. That is, different time intervals between
measurements imply a different distribution of number of
targets entering and leaving the scene of interest and their cor-
responding locations. Continuous-discrete models also allow
us to analyse the performance of measurement systems with
different sampling times, with the same underlying continuous
time multi-target model, e.g., two radar systems that differ in
the sampling times to track the same types of airplanes.

In this paper, we fill this gap in the literature and propose
a continuous time multi-target model and its discretisation.
The proposed model uses an M/M /oo queuing system' [28]
to model the distribution of the time of appearance and
disappearance of the targets. In the M/M /oo system, the time
of appearance of the targets is modelled by a Poisson process
in time, and their life span is exponentially distributed. Poisson
processes in time are commonly used different applications,
for example, airport departures [29], customer arriving at
service stations, and traffic [30]. In the proposed model,
while a target is alive, its dynamics are governed by an
SDE. The resulting continuous-discrete multi-target system is
Markovian with time-dependent parameters: new born targets
are distributed as a Poisson point process (PPP), and targets
move independently with a certain single target transition

M /M /oo denotes a type of queuing system using queuing system notation
[28]. The first letter denotes the type of arrival process, where M means
Markovian (Poisson). The second letter denotes the service time distribution
(life span distribution), where M means Markovian (exponential). The last
entry denotes the number of servers. In this paper, it is co, as newly appearing
targets do not have to wait for other targets to leave the scene of interest.



density and a probability of survival.

The discretised multi-target model gives rise to continuous-
discrete versions of multi-target filters that can use a PPP as the
birth process, for example, the probability hypothesis density
(PHD) filter [31], the cardinality PHD (CPHD) filter [32],
and the Poisson multi-Bernoulli mixture (PMBM) filter [8].
The Gaussian mixture implementations of the PHD, CPHD
and PMBM filters [33]-[35] require that the birth PPP has
an intensity represented as a Gaussian mixture. However, the
birth intensity of the continuous-discrete (CD) PHD, CD-
CPHD and CD-PMBM is not a Gaussian mixture so these
implementations are not directly applicable. An additional
contribution of this paper, is that, for the Wiener velocity
model, we derive the best Gaussian PPP fit to the discretised
birth model by minimising the Kullback-Leibler divergence,
which is also inherent in the PHD/CPHD filtering recursion
[36], [37]. The best Gaussian PPP fit allows us to extend
the Gaussian mixture implementations of the PHD, CPHD
and PMBM filters to their continuous-discrete counterparts.
We provide simulation results comparing the performance of
the different filters. Importantly, we demonstrate that, when
the time interval between measurements is non-uniform, the
proposed filters can show a remarkable decrease in compu-
tational time compared with filters with fixed sampling time,
as commonly adopted in the multi-target filtering literature,
without affecting performance.

The rest of the paper is organised as follows. The problem
formulation and the continuous time multi-target dynamic
model are explained in Section II. The discretisation of the
continuous time multi-target model is provided in Section III.
The derivation of the best Gaussian PPP to the discretised
birth distribution and its extension to Gaussian mixtures are
given in Section IV. The CD-PHD, CD-CPHD and CD-PMBM
filters, along with a complete description of the Gaussian
implementation of the CD-PMBM filter, are explained in
Section V. Simulation results comparing the CD-PHD, CD-
CPHD and CD-PMBM filters are provided in Section V.
Finally, conclusions are drawn in Section VI.

II. PROBLEM FORMULATION

We consider the problem of multi-target filtering when
target appearance, dynamics and disappearance are governed
by continuous time models. The multi-target state at time
t € [0, 00) can be represented as a set X (t) € F (R"=), where
R™= is the single target space, and F (R"=) is the space of
all finite subsets of R™=. At any time instant, new targets may
appear and added to X (t), and targets may die and be removed
from X (¢). The specifics of this model will be explained in
Section II-A.

The system state X (t) is measured at known time instants
tx, k € N, and we denote X}, = X (¢x). We consider the stan-
dard point target detection model, such that the measurement
at time step k is a set Z = {z}, ..., 2" } € F (R") where
my, is the number of measurements at time step k. Given X,
each target state x € X}, is either detected with probability
pp () and generates one measurement with density  (+|z), or
missed with probability 1 — pp (z). Set Zj, is then the union

of the target-generated measurements and Poisson clutter with
intensity & (-).

The objective is to compute the (multi-target) density of
the multi-target state X, given the sequence of measurements
(Z1,...,Zk) [4]. In order to do so, in this paper, we dis-
cretise the continuous time multi-target model to obtain the
corresponding discrete birth, dynamics and death models, as
is standard in the literature. With the discretised models, the
filtering density can be computed recursively by the prediction
and the update steps of the multi-target filtering recursion in
discrete time [4].

In order to distinguish between target births and deaths
in continuous and discrete time, we refer to target births
and deaths in continuous time as target appearances and
disappearances, and keep the terms births and deaths for the
discretised system. It should be noted that a target appearance
in continuous time does not imply a target birth in a discretised
time, as the target may have already disappeared before a
measurement was taken.

A. Continuous time multi-target dynamic model

The continuous time multi-target dynamic model we pro-

pose is characterised by the following assumptions

o Al Target appearance times follow a Poisson process (in
time) with rate A [28].

o A2 When a target appears, its single target distribution is
Gaussian with mean ¥, and covariance matrix P,, and is
independent of the rest of the targets.

o A3 The life span 7 of a target, time from appearance to
disappearance, is an independent random variable that is
exponentially distributed with rate u.

o A4 Targets move independently according to a linear time
invariant SDE [23]. For a target state x (t) € R", its
dynamics are given by

dx (t) = Az (t)dt + Ldp (¢) (1)

where A and L are matrices, dz (t) is the differential of
x (t), and B (t) € R™ is a Brownian motion, also called
Wiener process, with diffusion matrix Qg. The size of
matrices A and L are n, X n, and n, X ng, respectively.
It should be noted that the birth/death process, which models
the number of alive objects in the continuous time multi-target
process and is characterised by Al and A3, corresponds to
an M/M/oo queuing system [28]. Assumption Al implies
that the number of target arrivals in any interval (¢,t + At] is
independent of the number of arrivals in other non-overlapping
intervals. The distribution of the number of target arrivals in
(t,t + At] is P (-; AAt), where
(AA)"

P (n; AAL) = Tef

AAL

represents the probability mass function of a Poisson distri-
bution with parameter AAt evaluated at n. It should be noted
that A corresponds the mean number of target appearances per
unit of time. In addition, A1 implies that given that there are n
targets that have arrived in the interval (¢,¢ + At], their arrival
times are independent and uniformly distributed in the interval
(t,t + At] [28].



Given A3, the distribution of the life span of a target is

pe P 7 >0
= 2
P (T) {0 T < O, ( )

and the average life span of a target is 1/u. In a practical
problem, both A and p can be chosen according to previous
knowledge of target appearance and disappearance in a sce-
nario.

III. DISCRETISATION OF THE MULTI-TARGET DYNAMIC
MODEL

In this section, we explain how to discretise the continuous
time multi-target model in Section II to obtain a standard
multi-target dynamic model that captures the evolution of the
system from time t;_; to t;. This model is characterised by
probability pg ; of survival at time step k, which is obtained in
Section III-A, single target transition density gy (-|-) at time
step k, which is obtained in Section III-B, and multi-target
birth density at time step k, which is obtained in Section III-C.
We use the notation Aty = ¢, — tp_1.

A. Probability of survival

The exponential distribution in A3 is the only distribution of
the life span of a target in continuous time that is memoryless
[30]. Memoryless means that, given that the target is alive at
a certain time step, the distribution of the rest of the life span
of a target is also exponential with the same parameter u. In
probabilistic terms, the memoryless property can be written as

p(Tlr>t)=p(r—t). 3)

The memoryless property also implies that the probability
that a target survives from time ¢;_; to t; does not depend
on how long the target has been alive before ¢;_1, only on
the length Aty of the time interval. Therefore, this model
keeps the Markovian property of standard, discrete multi-target
dynamic systems in which the probability of survival of a
target does not depend on how long the target has been alive
so far. Using (2), the probability of survival of a target in the
time interval from ¢;,_1 to tj is

psk =Dp(T|T > Aty,) 4
= ¢ MOk, (5)

B. Single target transition density

Using the SDE (1), we can directly obtain an expression for
the transition density from time ¢x_; to tj [23]

gk (x (tr) |7 (te—1) ) = N (@ (k) ; Frw (t—1) , Q) (6)

Fk = exp (AAtk) (7)
Aty
Qr = / exp (A (At — €)) LQsL”
0
x exp (A (Aty — €))" de ®)

where exp (A4) denotes the matrix exponential of A and
N (z;7,Q) denotes a Gaussian density with mean T and
covariance matrix () evaluated at x. Methods to compute (8)
are discussed in [23], [38].

C. Birth model

From time ¢;_; to time ¢, targets appear according to Al.
However, A1 does not correspond to the distribution of the
number of new born targets at time step k£ in the discretised
system. The reason is that some of the targets that may appear,
may also disappear before time step k, according to the model
in A3, so they are not included in the set Xj. The new targets
that are included in set X, are therefore those that appeared
between time t;,_1 and time ¢, and survived up to time step ty.
We proceed to calculate the distribution of the new born targets
at time step k, which includes the cardinality distribution and
the spatial distribution.

At time step step trp—1, the number of appearing targets
between t;_; and time ?; is zero. Then, targets appear
according to Al, but they also disappear according to A3. The
distribution of the number of appearing targets in the interval
tr—1 and tj that are still alive at time step f; is given by
the transient solution of an M/M /oo system. Therefore, the
cardinality distribution pz () of the new born targets at time
step k is [30]

ph(n) =P (n; % (1- e‘*‘“k)) : ©)

We proceed to calculate the spatial distribution of new born
targets. Al implies that, given that there are n targets that
appear in (t;_1,t], their appearance times are independent
and uniformly (IID) distributed in the interval (tx_1,tx] [28].
In addition, the spatial distribution and target dynamics are
both IID, see A2 and A4, which implies that the spatial
distribution of new born targets given the cardinality is IID.

If a target appears at time step ¢, — ¢ with ¢ € [0, Aty)
and t denoting the time lag between appearing time and ty,
its spatial density at time ¢ — ¢ is independent of the rest of
the targets and is given by A2

plx(ty—t)|t) =N (z(tp —t);Tq, Pa) - (10)

Using the single target transition density (6), we have that the
transition density up to time ¢y is

g(@p |z (te —t) =N (zp; Fnz (e — 1), Q) (11)
F(t) = exp (At) (12)
t
Q) =/ exp (A (t =€) LQsL"
0
x exp (A (t—€))" de. (13)

where we use subindex with a parenthesis in F{;) and Q) to
highlight that we use a time lag ¢ as a parameter, not a discrete
time index, as in (7) and (8).

Given the time lag ¢, the spatial density at appearing time
(10) and the transition density (11), the birth density p (x, |t)
is Gaussian with parameters

e (zk[t) =N (mk;F(t)Ta,F(t)PaFg) + Q(t)) ;

where we have applied the Kalman filter prediction step [39].
In Appendix A, we show that the distribution of the time

lag t of new born targets is a truncated exponential distribution

with parameter p in the interval [0, Aty), whose density is

_ H
P (t) = T— (15)

(14)

e " X0,a,) (t)



where x4 (t) is the indicator function of set A evaluated at ¢:
xa(t)=11if t € A and x4 (t) = 0 otherwise.
Using (14) and (15), the single target birth density is

Aty
i (1) = /0 i (2 |t) pr (t) dt.

To sum up, the distribution of the new born targets is a PPP
as the distribution over the number of targets is Poisson, see
(9), and given a cardinality, targets are IID with density (16).
The corresponding multi-target density is

b ({z), ...z} }) =nIP <n; % (1 — e ratr) > Hpk z},)
a7

This implies that the intensity (also called probability hy-
pothesis density) of the new born targets at time step k is
Dbk (xk) = % (1 — eiﬂAt’“) Dk (xk) [4].

Finally, we provide the steps for sampling the multi-target
states X1,..., Xg up to time step K using the proposed

continuous-discrete multi-target system in Algorithm 1.

(16)

Algorithm 1 Sampling the continuous-discrete multi-target
system

Input: Time instants ¢1, ..., tx, models in A1-A4.
Output: Multi-target samples X1, ..., Xx at each time step.
- Initialisation Xo = 0, to = 0.
for k=1 to K do
- Aty =t — tp_1.
- X = 0. > Initialisation at time step k.
for all x4, € Xy do > Go through previous targets.
- Sample s = 1 with probability ps x, see (5), s = 0 with
probability 1 — ps x,

if s =1 then > Target xx—_1 survives.
- Sample x (t) from g (z (t) |zx—1 ), see (6).
- Set X = X U {x(tk) .
end if
end for

- Sample n, number of new born targets, from (9).
for i =1 ton do > Go through new born targets.
- Sample ¢ from (15).
- Sample z from py gxk [t), see (14).
- SC[Xk:XkU{Ik .
end for
end for

IV. BEST GAUSSIAN PPP FIT TO THE BIRTH PROCESS

Gaussian implementations of multi-target filters with PPP
birth typically require that the intensity is Gaussian or Gaus-
sian mixture, for example, the PMBM, PHD and CPHD filters
[33]-[35]. However, the intensity of the birth density (17) is
not Gaussian or Gaussian mixture in general.

In this section, we obtain the PPP with Gaussian intensity,
which is referred to as Gaussian PPP, that most closely
approximates the PPP birth process (17) by minimising the
Kullback-Leibler divergence (KLD). This allows us to extend
the Gaussian implementation of the PMBM, PHD and CPHD
filters to the continuous-discrete case. In this section, we first
introduce a KLD minimisation result in Section IV-A. We
introduce the Wiener velocity model for single target dynamics
in Section IV-B, and obtain the corresponding solution to
the KLD minimisation problem in closed-form Section IV-C.
Finally, we address the Gaussian mixture appearance model
in Section IV-D.

A. Kullback-Leibler divergence minimisation

KLD minimisation is a widely used criterion to perform
approximate Bayesian inference in an optimal way [36], [37],
[40], [41]. In this section, we obtain the best Gaussian PPP fit
to the birth density (17) by minimising the KLD.

The KLD D (p ||q) between multi-target densities p (-) and
q(-) is [4]

D(pllq)
:/p(X)log§E§§5X (18)
_ - i l‘l o ({ TL}) 17L
=3 o [t o L

(19)

We denote the Gaussian PPP approximation of the birth
density (17) as
by ({x,lg, e @p}) = nlP (n5 Ao k) HN (a:};;fb,k,Pb)k)
i=1

(20)
where A, if the parameter of the Poisson distribution of the
cardinality, and Ty, ;, and P, ;. denote the mean and covariance
matrix of the single target density, respectively.

Proposition 1. Given by, () in (17), the Gaussian PPP by, (-)

in (20) that minimises the KLD D (bk “Ek) is parameterised
by

2n
(22)

Pyr=C,, [7] = / (2 —Tpp) (@ — Tog)” pr (z)de, (23)

where E,, [x] and C,, [x] denote the mean and covariance
matrix of a random variable x distributed according to the
single target density py. ().

Proposition 1 is proved in Appendix B.

B. Wiener velocity model

We consider the widely-used Wiener velocity model [23] for
single target dynamics, for which the solution to Proposition
1 is closed-form, as derived in the next section. We proceed
to describe the resulting F{;) and Q) in (12) and (13).

We consider a state

z (tr) = [p1 (te) s ooy pa (t) s 01 (E) 5 oo va (t2)]

where d = n,/2 is the dimension of the space where the
target moves, typically d € {1,2,3}, p; (tx) is the position
in the ith dimension at time ¢; and v; (tx) is the velocity in
the ¢th dimension at time ¢;. The target moves according to a
Wiener velocity model [23]-[25] in each direction, which is
characterised by the SDE (1) with ng = d, Qg = ¢l and

[ 0g I _( Og
a= (o) e=(%)

(24)

(25)



where 0y and I; represent the zero and identity matrices of
size d, respectively.
The solutions to (12) and (13) are [23]

I, tly
Foy = ( 04 I )
t3 t?
Slg Flg
— 3 2 ,
@ q( LI, th )

This implies that Fi, = F(as,) and Qr = Qa¢,) in (7) and
(8).

(26)

27)

C. KLD minimisation for the Wiener velocity model

In this section, we provide a closed-form expression for
the Gaussian PPP that minimises the KLD in Proposition 1
for the Wiener velocity model. First, we write the mean and
covariance at the time of appearance, see A2, as block matrices
whose blocks correspond to position and velocity elements.
That is,

T
To = [Pl 0] (28)
prp ppo
Fo= < (PryT P ) 29

where p, is the mean position, 7, is the mean velocity,
PPP s the covariance matrix of the position, P’ is the
covariance matrix of the velocity and PP is the covariance
matrix between the position and velocity.

Proposition 2. For the Wiener velocity model, the Gaus-
sian PPP density by, (), see (20), that minimises the KLD

D (bk ku> is characterised by

A
Aok = . (1 — emnite) (30)
_ ([ 1; E[t]I; \_
Tyl = ( 0y I, Zq (31)
(BT
bk = v VU
(Po) P
where
E [#3
Py = Clt]vav; +4q g ]Id
+ P+ Bl (P 4+ (P)T) + B[2] B (33)
E [
Pff,; = qi[2 ] I+ PP +E[t] P (34)
b = qE[t] Lo+ P 35)
and the moments of t, whose density is (15), are
1 AtkeiuAtk
E[t] = o1 can (36)
1
2] _
E [t :I - 1— e—pAtk
2 2At 2
X [2 — e HAL ((Atk)2 =k 2)} (37)
2 K M
Cl=E[*] - &)’ (38)

o
Position (m)

Velocity (m/s)

Velocity (mis)

Position (m)
Figure 1: Normalised histograms of Example 3 with 10° samples from
the true single target birth density At = 1s (top left), best Gaussian
fit At = 1s (top right), true birth density Aty = 2s (bottom left),
and best Gaussian fit At = 2s (bottom right). The best Gaussian fit is
more accurate for At = 1s than for Aty = 2s.

1 6
371 _ —pAt
B[] = 1 |~ e

3(At)®  6At 6
X ((Atk)3+ ( k) + k +/143>

p " (39)

Proposition 2 is proved in Appendix C. For clarity of pre-
sentation, we have considered that the single target distribution
at appearance time is Gaussian, see A2. Nevertheless, we
would like to remark that Proposition 2 holds for any single
target distribution at appearance time such that its mean and
covariance matrix are (28) and (29), as the KLD minimisation
only requires the first two moments of this distribution. In
addition, note that, even though, we can minimise the KLD in
closed-form, the resulting value of the KLD does not admit a
closed-form expression, as (16) does not have a closed-form
expression. We proceed to illustrate Proposition 2 with an
example.

Example 3. We consider a one dimensional target (d = 1)
with T, = [0(m),2(m/s)]" and P, = I, with units in
the international system, that moves with the Wiener velocity
model with ¢ =1 (m2/53). Its life span rate is = 0.01s7 1.
We draw 10° samples from the true single target birth density
(16) considering Aty = 1s and Aty = 2s. The normalised
histograms are shown in Figure 1. In this figure, we also show
the normalised histograms for 10° samples drawn from the
best Gaussian fits, whose mean and covariance are given by
(31) and (32). The tails of the true density w.r.t. the best
Gaussian fit are larger for Aty = 2s than for Aty = 1s,
as the target can potentially move longer distances in a time
interval At;, = 2s than in At, = 1s, for its considered life
span. Therefore, the best Gaussian fit is more accurate for
At = 1s than for At =2s. O



D. Gaussian mixture appearance model

In this paper, we mainly consider an appearance model
based on Gaussian densities, see A2. In some cases, it can
be convenient to consider Gaussian mixtures, which can ap-
proximate any density of interest with negligible accuracy with
a sufficient number of terms [42]. That is, we substitute A2
by

o A5 When a target appears, its single target distribution is

a Gaussian mixture
N,

Z wIN (2;7, P1)
j=1
where IV, are the number of components, and wfl, E{L and
Pg represent the weight, mean, and covariance of the j-th
Gaussian component, respectively.
In this section, we indicate how to obtain a suitable discretisa-
tion of this birth model with the Wiener velocity model based
on the previous results for the Gaussian case. Considering AS,
the single target birth density (16) becomes

Na . Aty . .
i (x)) = Zwﬂ./ N (mk;F(t)fi,F(t)PiFg) + Q(t))
=1 70

X Pk (t) dt.

While one can fit the best Gaussian PPP applying Proposition
1 to (40), it is more convenient to consider a Gaussian mixture
single target birth density that performs moment matching
for each mixture component. That is, the approximated birth
distribution becomes

be ({zhs 2l }) = 0P (n; Ao i)
n N, ) ) ) .
<] wIN (x;;f{,,k,Pg,k) (41)
1

i=1 \j=

(40)

where )\ ;. is given by (30), and E{) . and ngk are obtained
by substituting 72 and P/ into (31) and (32). In Appendix
D, we prove that (41) corresponds to a KLD minimisation
that considers auxiliary variables, not the KLD minimisation
in Proposition 1.

V. CONTINUOUS-DISCRETE PMBM FILTER

In this section, we explain the continuous-discrete PHD
(CD-PHD) filter, the continuous-discrete CPHD (CD-CPHD)
filter and the continuous discrete PMBM (CD-PMBM) filter.
We first explain how to obtain these continuous-discrete filters
in Section V-A. We then explain the structure of the CD-
PMBM filter in Section V-B and its Gaussian implementation
in Section V-C. Practical considerations are discussed in
Section V-D.

A. Continuous-discrete multi-target filters

As indicated in Section III, the discretised dynamic model
has a PPP birth, a probability of survival and a single target
dynamic density that depend on the time interval between mea-
surements. We can then directly extend discrete-time multi-
target filters that can work with PPP birth, such as PMBM,

PHD and CPHD filters to the continuous-discrete case. That is,
the CD-PMBM, the CD-PHD and CD-CPHD filter correspond
to the PMBM, PHD and CPHD recursions with the following
models

o The probability of survival is given by (5).

o The PPP birth process is given by (17).

o The single target transition density is given by (6).

It is important to note that the discretisation of the continuous
dynamics only affects the dynamic model and the prediction
step. The measurement model and the update step are not
affected by the discretisation.

We would like to recall several properties of the CD-PMBM,
CD-PHD and CD-CPHD filtering recursions. The CD-PMBM
recursion provides us with the exact posterior density of
the multi-target state given all past measurements. The CD-
PHD filtering recursion propagates a PPP through the filtering
recursion by minimising the KLD after each update step [31],
[36]. A simplification of the CD-PHD filter with respect to the
CD-PMBM is that it only needs to propagate the intensity of
the PPP, which is computationally efficient, but implies a loss
in performance. The CD-CPHD filtering recursion propagates
an IID cluster density, which considers an arbitrary cardinality
distribution and IID target states given each cardinality. The
IID cluster approximation is performed after each prediction
and update by minimising the KLD [36], [37]. Therefore, the
CD-CPHD has a higher degree of flexibility than the CD-PHD,
as it considers an arbitrary cardinality, with an increase in the
computational burden.

The Gaussian/Gaussian mixture implementations of the CD-
PHD, CD-CPHD and CD-PMBM filters for Wiener velocity
model can be obtained in closed form by considering

o The probability of survival is given by (5).

« The PPP birth process is given by Proposition 2, or Eq.
410).

o The single target transition density is ¢ (zg |zTkx—1) =
N(,’Ek;Fkl‘k,th) where Fk = F(Atk.) and Qk =
Q(at,)» see (26) and (27).

o Constant probability pp of detection and a linear
and Gaussian single measurement density [ (z|z) =
N (z;Hz,R).

The Gaussian mixture implementation of the CD-PHD and
CD-CPHD filters correspond to the implementations in [33],
[34] using the above time-varying parameters for the dynamic
model. As these filters are well-described in [33], [34], we
do not provide the specific details in this paper. The Gaussian
implementation of the CD-PMBM corresponds to the imple-
mentation in [35] using the above time-varying parameters.
In the following, we provide a detailed description of the
Gaussian implementation of the CD-PMBM filter in [35],
explicitly addressing the continuous-discrete aspects.

B. CD-PMBM filter structure

In the CD-PMBM filter, the posterior is a PMBM density,
which is the (multi-target) density of the union of a PPP and
a multi-Bernoulli mixture. We proceed to give an overview of
the structure of this density before introducing the mathemat-
ical formulation. The PPP represents the information on the



undetected targets, which are targets that exist at the current
time but have never been detected. Each measurement can be
the first detection of a target, a detection from a previously
detected target or clutter. Therefore, as the target whose first
detection is a particular measurement may exist or not, its
resulting distribution is Bernoulli and is referred to as “poten-
tially detected target”. Then, each potentially detected target
has single target hypotheses that represent possible histories of
measurement associations, including misdetections. Each term
in the multi-Bernoulli mixture represents a global hypothesis
that includes a single target hypothesis for each Bernoulli
component.

In mathematical terms, the density of X with k' €
{k,k+ 1} given the measurements up to time step k is a
PMBM density [35]

frrpe (Xir) = W) 42

Z f;:/“g (Y) fl?'l\l;sm
YWW =X,
where f,ﬁ’,‘k (*) and f”?ll}g” (1) are the densities of the PPP
and the multi-Bernoulli mixture (MBM). Also, & denotes the
disjoint union and the summation in (42) is taken over all
mutually disjoint (and possibly empty) sets Y and W whose
union is Xy/. The density of the PPP in terms of its intensity
Dy, (+) can be written as

L (V)= e I Pen@® TT Dy (y). @3)
yey
The MBM can be written as
Nk
mb a :
GEUEEDY 2 II [“%'k kwk 0}

ae'Ak/Iku "k \sz w
(44)
where o< stands for “proportional to”. We proceed to explain

(44). First, T/ |k is the number of Bernoulli components,
1 is an index over the Bernoulli components and a global
hypothesis a = (al, ...,a"k’\k), where a' € {1, ...,h};,‘k} is
an index over the hi/l i single target vhypotheses for the i-th
Bernoulli component. The density f;}‘ll,% (+) of the i-th Bernoulli

component with single target hypothesis a’ is

| =7, X =90
Ve () =l @) X={a} @9
0 otherwise

where rlk,‘Tk is the existence probability and pz,alk (+) is the
single target density. The variable w;,ﬁ; is the weight of the
a’ single target hypothesis of the i-th Bernoulli component.
The set A/, of global hypotheses and single target hy-
potheses are built as follows [8]. As explained before, the mea-
surement set at time step k is denoted as Z; = {zé, e 2
We refer to measurement zi using the pair (k, j) and the set of
all these measurement pairs up to (and including) time step k is
denoted by M .. Then, a single target hypothesis a for the i-th
Bernoulli component has a set of measurement pairs denoted

as Mza C M., where there is the constraint that there can b‘e
at most one measurement index per each time step in M;“
For example, for k = 3, we can have MY = {(1,2),(3,1)},
which indicates that under the single target hypothesis a*, the
i-th Bernoulli component is associated with measurement 2?
at time step 1, misdetected at time step 2, and associated with
measurement 23 at time step 3. In a global hypothesis, each
received measurement must belong to only one single target
hypothesis. Then, the set A;/;, of all global hypotheses meets
[8].

Ak’|k = {(al, ...,ank'\k) cat e {l,

N/ |k

Ui

i=1

.,h;;,lk} Vi,

= My, M2 A MPY = 9 ;éj}.

C. Gaussian implementation

In the Gaussian implementation of the CD-PMBM filter,
the intensity of the PPP is a Gaussian mixture and the density
of each Bernoulli component is also Gaussian. That is, the
intensity of the PPP (43) is

P
L

D,
§ :wk/|k (I zk’|k’Pk’|k>
=D, ]

where nk,lk, is the number of components, and wk,‘k, :z:k,‘k

Dy, ( (46)

and PP o/l Ar€ the weight, mean and covariance matrix of the
j-th component.

The single target density of each Bernoulli component (45)
is Gaussian with

i,a’ _ i,a
Py 1k (z) —N(m mk’\k’Pk’\k)

where TZ’UII@ is the mean and P! "k is the covariance matrix.

The prediction and update for the continuous-discrete Gaus-
sian PMBM filter for the Wiener velocity model are given in
the following lemmas.

(47)

Lemma 4 (Prediction). We consider that the filtering density
at time step k (time ty.) is a PMBM fy. (-) of the form (42),
with PPP intensity (46) and single target densities given by
(47). At time step k + 1 (time ty1), the probability pg 1
of survival is given by (5), the transition matrix Fy,, by (26)
and the covariance matrix Q41 by (27). Then, the predicted
density is a PMBM with PPP parameters

nP
kK

§ : ] DJ
Dk+1\k = PS,k+1 wk\k (.%‘,.Z‘k+1|k,Pk+1|k)

+ )\b7k+1N (@3 Ty kg1 P k1) (48)

where Ay 41, Tp k41 and Py 11 are given by Proposition 2,
and

=D>J _ —p,j
Tpiak = Fe1Thy (49)
DJ
PPy = Frpr PO )+ Qra (50)
The predicted multi-Bernoulli mixture parameters are
i,ai _ i,ai
rk+1|k - pS,k+17”k|k (51)



7i,ai _ 7i,ai
$k+1|k = Fk+1xk|k (52)

P]zjllk - Fk+lpk‘k Fk+1 + Qk+1 (53)

— i — pi ia' o dal
and Ny 1)k = Nk hk+1|k = hk\k’ Wiy = Wi for all

i€ {1, ~~~,le\k} and a’.

Lemma 5 (Update). We consider that the predicted density
at time step k (time ty) is a PMBM fy;—1 () of the form
(42), PPP intensity (46) and single target densities given by
(47). The updated PMBM at time step k with measurement set

Z = {2, ..., 25" } is of the form (42) with PPP intensity
AT _
Dyjx (z) = (1 —pp) Z wk|k 1 (fﬂ;fﬁiflvpﬁi 1)

(54)

The number of updated Bernoulli components is my; =
Nglk—1 + M. For each single target hypothesis of the
Bernoulli components existing at previous time steps 1 €
{1, vy nk‘k_l}, the update creates (my, + 1) new single tar-
get hypotheses corresponding to a missed detection and an
update with one of the received measurements, which implies
h};lk = h;ﬂkfl (my + 1). For missed detection hypotheses,

i€ {1, ...,nk‘k_l}, a' € {1, ...,h};‘k_l}, the parameters are
MES = M (55)
U’Zﬁc = wi’ﬁil (1 - 7"2]7;4 + Ti’\iﬂ (1- pD)) (56)

i = — e Co0) (57)

L=7gpy + Tk|k , (1 =pp)

EZ& —-f;& L (58)
Pi = Py (59)

For a previous Bernoulli component 1 € {1, . nk‘k,l} and

previous single target hypothesis a' € {17"'7h§c|k—1}’ the

; J i i
new hypothesls generated by measurement z; has a' = a* +

h2|k—1j’ r;’ﬁ; =1, and
M = M U{(k.9)) (60)
w2|k :wk; 1rk|k PoN (Zk’kaUc 1’511]?:—1) (61)
52& ::fé&_l—%}(ai 1(2 ——lffak_l) (62)
Pl = Py — K HP (63)
K =P (si) (64)
Sy =HPi" HT +R. (65)

For the new Bernoulli component initiated by ch whose index
is i = ny|x—1+J, we have two single target hypotheses, which
imply that hz‘k = 2, one corresponding to a non-existent
Bernoulli

Mt =0, wiy =1, i =0 (66)

and the other representing that the measurement zi can have
been originated by clutter or by a new potential target

M? = {(k,5)}

wZﬁk =K (zi) +e (zi)

P
klk—1

e(%) =Pp Z wk\k 1 (ZmeZ]k 1vS£[k 1) (69)

(67)
(68)

,2 € (Zk>
=t (70)
K (zi + e (zi)
"ch T
f;fk: Z w)T (71)
=1
”i|k71
7,2 j i —i,2 i
P 3wl [p (=) (7 -7i3) | o2
=1
j 1 , !
wf o wli (N (s HEl . SEL ) 73)
=T+ K (A - o) (74)
P _P]f"k ) KlHP,fl’k ) (75)
—1
K = P;f\’k 1 (Siik 1) (76)
l l T
St =HPl _H" +R. (77)

It should be noted that the single target density of new
Bernoulli components is actually a Gaussian mixture [35,
Sec. V.C], but it is approximated as Gaussian with moments
(71) and (72) by moment matching (KLD minimisation).
The reason for this approximation is that it enables to have
Gaussian densities in each Bernoulli component, see (47).

D. Practical considerations

Practical implementations must prune hypotheses and com-
ponents in the PMBM as these grow boundlessly in time. In
practice, we represent the MBM part of the PMBM as

N/ K
mbm a
e > wie > JI ARG 08
a€AL &Jz:ki‘kXZ—W i=1

where the Weight of global hypothesis a is wg,‘ P X

N/ K
| ) wk,|k, and the factor

Mgl k
> I A
k’\sz w =1

represents the multi-Bernoulli density [35, Eq. (11)] for global
hypothesis a. Pruning consists of approximating the weights
wg/l ;, that are considered to be close to zero as zero, followed
by a weight normalisation. As a result, the global hypothe-
ses and their corresponding multi-Bernoullis with negligible
weight are removed from (78) and the pruned posterior is
also a PMBM. Pruning is also performed by approximating
probabilities of existence of Bernoulli components that are



close to zero as zero. We proceed to explain how we perform
pruning in the update step and after estimation.

In the update step, we first use ellipsoidal gating [43],
though other types of gating are also possible [44], to disregard
single target hypotheses which have a negligible weight.
Then, for each previous global hypothesis, we select the
ky = | Np, - w,‘;l k_l] newly generated global hypotheses with
highest weight, where N}, is the maximum number of global
hypotheses, by solving the corresponding ranked assignment
problem via Murty’s algorithm [45] [35, Sec. V.C], used in
conjunction with the Hungarian algorithm [46].

After estimation, we prune the mixture of components of
the PPP, the Bernoulli components and the global hypotheses
as follows:

1) Discard the Gaussian components in Dy, (-) whose
weight is below a threshold T',,.

2) Keep the global hypotheses with N, highest weights,
and whose weight is higher than a threshold I';,p, .

3) Remove the single target hypotheses of the Bernoulli
components that do not take part in any of the considered
global hypotheses.

4) Remove the Bernoulli components whose existence is
lower than a threshold I', for all its single target hy-
potheses.

After pruning the global hypotheses, a weight normalisation is
performed. Due to pruning, there can be two or more global
hypotheses that have the same associated multi-Bernoulli
density. These similar global hypotheses are merged into one
global hypothesis by adding their weights and keeping the
same multi-Bernoulli. It should also be mentioned that the re-
sulting CD-PMBM filter has a track-oriented form [43]: there
is a hypothesis tree for each Bernoulli component, representing
single target hypotheses and their Bernoulli distributions, and
a global hypothesis a consist of a weight wg,‘ . and a pointer to
single target hypotheses for each Bernoulli component. Finally,
multi-target estimation in the CD-PMBM filter can be done
as in the PMBM filter [35, Sec. VI]. A pseudocode of the
Gaussian CD-PMBM filter is given in Algorithm 2.

Algorithm 2 Gaussian CD-PMBM filter pseudocode

- Initialisation: tg = 0, Dg|o (-) = 0, ngjo = 0.
for k=1 to final time step do
- Aty =t — tr—1.
- Compute pg, ) using (5).
- Compute Fy, = F(a¢,) and Qr = Q(a¢,) using (26) and
7).
- Compute Ay i, Tp,r and Py using Proposition 6.
- Prediction: use Lemma 4.
- Update: use Lemma 5 with ellipsoidal gating and Murty’s
algorithm to obtain updated global hypotheses, see [35, Alg. 1].
- Estimate the current set of targets, see Section V-D.
- Perform pruning, see Section V-D.
end for

VI. SIMULATIONS

In this section, we evaluate via simulations the pro-
posed CD-PMBM, CD-PHD and CD-CPHD filters in a two-
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Figure 2: Time interval At; between consecutive measurements for
the simulations. There are 100 time steps and the total length of the
simulation is 110.63 s.

dimensional scenario with the Wiener velocity model?.

The continuous-time parameters of the multi-target dynamic
system are: A = 0.08s7!, u = 0.01s7%, ¢ = 0.2m?/s?,
d =2, p, = [200,200]" (m), 7, = [3,0]" (m/s), PPP =
diag ([502,50?]) (m?), Py = diag([1,1]) (m?/s?) and
PP = 09 (m2 /b) We also consider that, at time ¢, = 0,
the probability that there are zero targets in the scene is one.
It should be noted that, according to u, the average life span
of a target is 100 s, and, in stationary regime, the number
of targets in the scene follows a Poisson distribution with
parameter 2 = 8, so the average number of alive targets is 8
[30].

We consider that the sensor system takes 100 measurements
and that the time interval At; between measurements is drawn
from an exponential distribution with parameter ji,,, = 1s71.
The resulting time intervals used in the simulation are shown in
Figure 2. The true target trajectories considered in this scenario
are drawn from the true continuous time model sampled at
the time steps when measurements are taken, which is done
by running Algorithm 1 with the parameters F{;) and Q) of
(6) given by (26) and (27). The resulting target trajectories are
shown in Figure 3 (top). There are 10 targets in the scene and
the maximum number of targets at a given time instant is §,
see Figure 3 (bottom).

The sensor measures the position of the targets with

H=[I, 0],R=0’I

where 02 = 4m?. In addition, the probability pp of detection
is 0.9 and the Poisson clutter is uniformly distributed in the
region of interest A = [0,600] x [0,400] (m?) with intensity
K(2z) = Ac - ua (2) where ua (2) is a uniform density in the
area A and A. = 10, which implies 10 expected false alarms
per time step.

The CD-PHD and CD-CPHD filters have the following
parameters: maximum number of components is 30, pruning

2Matlab implementations of these continuous-discrete filters will be avail-
able at https://github.com/Agarciafernandez/MTT.
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Figure 3: Trajectories considered in the simulation (top). There are ten
trajectories. The positions of a trajectory every ten time step is marked
with circles, and the circle for the initial position is filled. The number
next to the initial position indicates time step of birth. The resulting
number of targets in the scene at each time step is shown in the the
bottom figure.

threshold 10~° and merging threshold 0.1. These filters use
the estimators in [4, Sec. 9.5.4.4] and [4, Sec. 9.5.5.4],
respectively. The CD-PMBM filter has N}, = 200, '), = 1075,
Ty = 107%, and T, = 107° and we also use ellipsoidal
gating with threshold 20. We use Estimator 1 in [35], which
selects the global hypotheses with highest weight and reports
the mean of Bernoulli components whose existence is above
a threshold set to 0.4. We also test the CD-PMBM filter
with NV}, = 1, which is referred to as CD-PMB filter, as it
only propagates one multi-Bernoulli component. This filter
can be considered as a version of the global nearest neighbour
approach [47], as the filter only retains the most likely global
hypothesis.

We evaluate the performance of the filters using the gen-
eralised optimal subpattern assignment (GOSPA) metric [48].
We use GOSPA on the position elements with the Euclidean
metric as base metric, and parameters p = 2, ¢ = 10m and
a = 2. Setting a = 2 enables the decomposition of this
metric into costs for localisation error for properly detected
targets, missed and false targets [48, Prop. 1]. The resulting
root mean square GOSPA (RMS-GOSPA) is shown in Figure
4. The CD-PMBM is the best performing filter, followed by
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Figure 4: RMS-GOSPA error (m) for the position elements and its
decomposition for the continuous-discrete filters. The CD-PMBM filter
outperforms CD-PMB, CD-PHD and CD-CPHD filters. The difference
in performance is mainly due to a lower number of missed and false
targets.

the CD-PMB filter. From the GOSPA decomposition, we can
observe that the main difference in performance between these
two filters arises due to a lower number of missed targets in
the CD-PMBM filter. The CD-PMBM filter is slightly better
at false target errors than the CD-PMB filter, and quite similar
in localisation errors. The CD-PHD and CD-CPHD filters fare
worse than the CD-PMBM and CD-PMB filters. In particular,
they have a higher number of false and missed targets. Also,
the CD-CPHD filter has lower error than the CD-PHD filter
mainly due to a lower number of false targets.

The running times of the Matlab implementations of the
algorithms in computer with a 3.5 GHz Intel Xeon ES proces-
sor are: 9.9 s (CD-PMBM), 0.7 s (CD-PMB), 1.4 s (CD-PHD)
and 1.7 s (CD-CPHD). The CD-PMBM s the filter with best
performance, but also with highest computational burden. The
CD-PMB filter is the second best in performance and fastest
algorithm in our implementations. CD-PHD and CD-CPHD
filters are also fast algorithms, though their performance is far
from the performance of the CD-PMBM and CD-PMB filters.

An additional benefit of the continuous-discrete multi-target
model is that it can significantly speed up processing compared
to a discrete time equivalent model that considers a fixed
sampling time. In order to analyse this effect, we consider
a discrete time model in which the sampling time is the
minimum interval Aty considered in the previous simulation,
which corresponds to the minimum Aty in Figure 2. The
parameters of the discretised dynamic model, including birth,
are obtained as indicated in this paper, but they do not change
with time. The time steps at which we receive measurements
are rounded to the nearest integer. In the resulting filtering
recursions for the different multi-target filters, there is no
update step at the time steps without measurements, but there
is a prediction at all time steps. This discretisation applied to
our scenario has 29374 time steps, which means that we have
to perform a large number of prediction steps compared to
the 100 predictions required with the use of the continuous-



Table I: RMS-GOSPA errors and their decompositions for the filters and different parameters

CD-PMBM CD-PMB CD-PHD CD-CPHD

A Ac | Tot.  Loc. Fal. Mis. | Tot. Loc. Fal. Mis. | Tot. Loc. Fal. Mis. | Tot. Loc. Fal. Mis.
0.12 5 | 625 476 256 313 | 658 475 272 3.64 | 927 428 548 6.15 | 886 432 487 6.01
10 | 638 481 255 335 | 719 475 283 4.60 | 938 428 537 639 | 914 430 498 634

20 | 660 481 271 3.62 | 856 458 321 648 | 958 422 527 6.80 | 951 423 513 6.81

0.08 5 | 550 453 161 266 | 558 454 181 270 | 852 404 485 571 | 800 410 4.14 549
10 | 563 450 172 292 | 6.12 446 201 268 | 862 399 477 597 | 835 4.02 424 596

20 | 582 453 1.82 3.17 | 750 433 213 573 | 898 394 463 6.60 | 872 396 420 654

0.04 5 | 346 274 1.17 176 | 352 275 132 175 | 440 248 1.53 329 | 459 256 236 299
10 | 348 267 121 1.85 | 362 270 142 195 | 448 247 1.67 334 | 469 252 239 316

20 | 365 270 137 203 | 523 248 160 431 | 471 245 199 350 | 488 252 244 339

discrete multi-target model. The corresponding GOSPA errors
for the PMBM, PMB, PHD, and CPHD filters applied in this
form are basically unaltered compared to the results of the
filters with time varying sampling time, shown in Figure 4, so
the results are not plotted. The running times of the algorithms
are: 178.8 s (PMBM), 111.2 s (PMB), 76.7 s (PHD) and
85.8 s (CPHD). By comparing these running times with the
running times of the continuous-discrete versions discussed
above, we can see that continuous-discrete multi-target filters
with variable sampling time show a remarkable decrease in
the computational burden (over 18 times faster) compared to
multi-target filters with fixed sampling time, which are the
standard approach in the multi-target filtering literature, with-
out affecting performance. This implies that the continuous-
discrete filters are more suitable for developing real-time
implementation than the discrete versions if measurements are
asynchronous.

In order to provide more thorough results, we also show the
RMS-GOSPA errors, along with the GOSPA error decomposi-
tion, considering all time steps for different values of the target
arrival rate A and clutter rate \. in Table 1. In this table, “Tot.”,
“Loc.”, “Fal.”” and “Mis.” stand for total cost, localisation
cost, false target cost and missed target cost, respectively.
Simulations with different A consider different ground truth
drawn from the true multi-target system, see Algorithm 1.
The CD-PMBM filter is always the best performing algorithm.
The CD-PMB filter is the second best algorithm except for
A = 0.04 and A\, = 20, in which it is outperformed by the
CD-PHD and CD-CPHD filters. The CD-CPHD filter provides
lower errors than the CD-PHD filter except for A = 0.04,
where the CD-PHD filter is slightly better.

VII. CONCLUSIONS

In this paper, we have proposed a probabilistic model
for multiple target appearance, dynamics and disappearance
in continuous time and we have derived the corresponding
discretised multi-target model. We have also obtained the best
fitting Gaussian PPP fit to the discretised birth density for the
Wiener velocity model by minimising the Kullback-Leibler
divergence.

The discretised multiple target model and the Kullback-
Leibler divergence minimisation of the birth process pro-
vide the required models for performing continuous-discrete
multiple target filtering using Gaussian distributions. In par-
ticular, in this paper, we present and analyse the Gaussian
implementations of the continuous-discrete PMBM, PHD and

CPHD filters. An important benefit of the continuous-discrete
multi-target filters is that they can significantly lower the
computational complexity compared to multi-target filters with
fixed sampling interval without affecting performance when
the time interval between measurements is non-uniform.

We think there are many lines of future work. The derived
continuous-discrete multi-target models can also be used to
extend the CD-PMBM, CD-PHD and CD-CPHD to sets of
trajectories [49]-[51] to obtain complete trajectory information
of the targets at the sampled time steps. It is also inter-
esting to consider Gaussian implementations of these filters
with dynamic/measurement models that are nonlinear/non-
Gaussian, which in practice requires suitable linearisations
[23], [39], [52]. More generally, with the obtained general birth
process equations in Section III, it is also possible to develop
sequential Monte Carlo implementations [53] of the CD-
PMBM, CD-PHD and CD-CPHD filters, which do not require
Gaussian single-target densities and KLD minimisations.

APPENDIX A

In this appendix, we prove (15), which is the distribution of
the time lags of appearance for new born targets at time step
k, which denotes the difference between time t; and the time
of appearance. From Assumption Al, we know that the time
lags of appearing targets are IID distributed in the interval
[0, At) [28]. However, not all of the appearing targets in
the interval (¢;_1,t;] are born at time step k, as some of
them may disappear before time ¢;. Using Al and A3, the
joint distribution of the time lag ¢ and life span 7 of an
appearing target, which denotes the time from appearance to
disappearance, is

1 —ur
p(t,7)= MX[O,Atk) (t) pe™"7. (79

A target that appeared in (tx_1, ;] is born at time step k if
7 > t. Therefore, the distribution of the time lag for a new
born target at time k is

pr(t) Zp(t]|T>1)

= [plt,7|7>t)dr (80)
where
p(t,T)
t t) = t 1
p(t,7|T>1) PYERnE T> (81)



We first calculate the probability

Aty
p(r>t)= / {/ Aly — e ‘”dr} dt (82)
Ate .
= ——e Mt (83)
0o At
1—e — Aty
= 84
WA (84)
Substituting this result into (81), we obtain
H —ur
pt,T|T>1)= T oty X[0.A8) (t) pe™* (85)
for 7 > t. Then, (80) becomes
pk(t):/ p(t, 7|7 >t)dr (86)
t
- H%G‘“X[o,mm ), (87)

which completes the proof of (15).

APPENDIX B

In this appendix, we prove Proposition 1. Using (18), we
obtain

D (b o)
=1 be ({xt, ..., 2"
_ Zom/bk () g 5=

:L' M
K ({2t 2m})
(83)
= Z’P (n;Atk> /Hpk (x )
= H =1
P(n;2At i i
% IOg (n K k) H =1 Pk (.’L’ ) dxl:n (89)
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The optimal value of Xy can be found by minimising the
first term in the previous equation and the optimal values
of Ty 1, Py, by minimising the second term. The first term
coincides with the KLLD between two Poisson distributions on
variable n. The minimum is obtained by setting A, , = A A,
as the two distributions are alike and the KLLD is zero, which
is the minimum attainable value for the KLD.

Now, we consider the second term, which we can write as

Z P (n; 2Atk> /Hpk (;L-Z
n=0 i=1

H?:1 Pk (xl)
[T N (2% Tk, Pog)

Z P (n; )\Atk) n
n=0 K

) log dzt". (90)

x log

This term is proportional to the KLD between py (-) and
N (@;Tp i, Py.). This KLD is minimised by moment match-
ing [40], which implies that the optimal T} and P, are
given by (22) and (23). It should be noted that the result
of Proposition 1, and also Lemma 6, are to be expected
as both the Poisson and the Gaussian distribution belong to
the exponential family of distributions for which this type
of KLLD minimisation is achieved by matching the sufficient
statistics, which is the mean for the Poisson, and the mean
and covariance matrix for the Gaussian [40].

APPENDIX C

In this appendix, we prove Proposition 2 by applying
Proposition 1 to the Wiener velocity model, explained in
Section IV-B. The parameter )y j is directly obtained from
Proposition 1, so we proceed to compute the mean Ty, ;, and the
covariance matrix P, ;. The moments (36)-(39) of a truncated
exponential distribution with density (15) can be computed
analytically by solving the corresponding integrals [54], but
details are not provided here.

In order to calculate the mean (31), we apply the law of
total expectation [55] to (22) on the time lag ¢ to yield

Ty = E [E [Jik |t]] 92)
=FE [F(t)fa] 93)
. Iy tlz \ _
i
_( Ig Eft]1s -
= ( 0y I, )xa. 95)

It should be noted in the previous equations, we have used that
E [z [t] is obtained from (11), and that F;) for the Wiener
velocity model is given by (26).

We apply the law of total covariance [55] to (23)

Pog = C[Efxy [t]] + E[Clak [t]. (96)
We first calculate C [E [xk [t]] as follows
celil=c|( o0 )] ©7)

=C

]
( pa+tva ﬂ 98)
_EB ( (t- od )7 ) ((t—E[)oT 04)
] (99)
~( Clt]T.0L 04
- 04 04 /-
We would like to clarify that, in order to obtain (100), we have

used (28) and the definition

Clo®] =F[g()~Elg () (s - Bly )] (101)

for any function g (-).
We proceed to calculate E [C
as

(100)

[z |t]], which can be written

E[C[z: [t]] = E {F(t)PaF(jg) + Q(t)} (102)



=E {F@)PGF@} +E[Qu] - (103)
The first term in (103) is given by
T
E {F(t)PaF(t)}
_ Id tId Id Od
=B K 04 Ia )Pa( tl, I ﬂ (104)
gl At (Pé’” + (va)T) + 2P PP+t
(Pgm)T + tP;m P;w
(105)
An PPY L E[t] POV
= “ “ 106
( (P + B[ P pv (106)
where Ayj; = PPP + E[t] (ng + (pgv)T) +E [t2] P and

we have used the decomposition of the covariance P, in (29).
The second term in (103) is given by

E; [Qu] =E¢ |q %Id Tl (107)
® El, tl
B[] B[]
—q| g T (108)
TId E[t] Id

Substituting (100), (103), (106) and (108) into (96) completes
the proof of Proposition 2.

APPENDIX D

In this appendix we show the KLD minimisation properties
of the Gaussian mixture birth model explained in (41). From
(40), we consider the joint distribution of the state and the
index j € {1,..., N, } over the mixture components to yield

i (@, ) = whpk (zx |5) (109)

where

Aty ) )
i (2, Ij)=/ N(fk;F(t)ffmFu)PéF(f)+Q<t>>
0
X pi (1) dt. (110)

This approach of considering a joint variable over the state and
the index over a mixture component is standard in auxiliary
particle filtering [7], [56]. Note that if we sum over variable
j in (109), we obtain py (zx) in (40).

The birth PPP (17) considering the auxiliary variable be-
comes

b ({(2h.3") o (&} 57 }) = 1P ( 21 ))

< T [wd v (e1139)]
= 111

We seek the best Gaussian PPP approximation by, (-) of the
form

be ({(h5") s (@ 5™)})
=P () [ [ [w;J\/‘ (xkfgkpgk)] .
=1

3

(112)

The resulting PPP is given by the following lemma.

Lemma 6. The Gaussian PPP density be (+) of the form (112)
that minimises the KLD D (b;c
(111), is parameterised by

bk), with by () given by

Ao = % (1 — emnitx) (113)

w) = w) (114)
T =/xpk (zj)dw (115)
o= [(e-a) (r-7,) mlas o

forje{1,..,

This lemma is proved in Appendix D-A. For the Wiener
velocity model, we can compute the moments (115) and (116)
using Proposition 2 for each j. Once we obtain (115) and
(116), one can integrate out the auxiliary variables in (112) to
yield (41).

N,

A. Proof of Lemma 6

Taking into account that the auxiliary variable j is discrete,
the KLD is given by

D (o o)
IRl [N(ERU RSN

x1ogbf<{(”317J'1)’---’(In’j")})d;ﬂln (117)
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By standard KLD minimisations, for each term considering
bk, Wi T3 4, and P, we get the result in Lemma 6.
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