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Abstract—Modelling new-born targets that spontaneously
appear in the multi-target tracking scene is an indispensable yet
challenging task for any multi-target tracker, which asks for a
careful formulation of the target birth intensity (TBI) in random
finite set based Bayesian filters. However, the TBI is widely
assumed to hold for a constant magnitude that needs to be
specified in advance, indicating a constant speculation for the
number of new targets to be appeared at all scans. This is not
always desirable and can be problematic as the TBI magnitude is
generally unknown and varies in time. In this paper, a data-driven
approach is proposed to determine the TBI magnitude in real time
based on the information contained in the newest observations.
Simulations of the sequential Monte Carlo implementation of the
probability hypothesis density filter and the multi-Bernoulli filter
have demonstrated the validity of our approach.

Keywords—Multi-target tracking; random finite set; PHD
filter; multi-Bernoulli filter; particle filter

I. INTRODUCTION

Multi-target tracking (MTT) refers to online estimating the
states of multiple moving targets in the presence of spontaneous
appearance/disappearance of targets, which has a variety of
applications in both military and commercial realms. Far more
complex than just a juvenile sense of single-target tracking, the
challenges in MTT consist of at least four parts: 1) The number
of targets is both unknown and time-varying due to the
spontaneous appearance and disappearance of targets; 2)
Clutter exists and can be significant; 3) Targets can be
miss-detected; and 4) The states and observations of targets
collected are finite-set-valued random variables that are
random in both the number of elements and the values of the
elements. The idea of modelling the states of targets and
observations as random finite sets (RFS) together with the point
process theory have been proven to be concise and adequate to
formulate the challenging MTT problem. Based on the finite set
statistics, the probability hypothesis density (PHD) filter [1]
(and its higher order form: cardinalized PHD (CPHD) filter [2])
and the multi-Bernoulli filter [3, 4] afford two -efficient
solutions which have attracted increasing attentions.

As a key prerequisite of tracking, environment formulation
is required for setting up close-to-truth models regarding
targets (including the target birth function [5, 6] and unknown
target [19]) and observations (including detection uncertainty
[7], imprecise observation and non-standard observation [4],
and clutter [7]). Knowledge of these profile elements are of
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critical necessity and significance in the RFS-based Bayesian
filters including the PHD filter and the multi-Bernoulli filter.

This paper focuses on modelling new-birth targets for the
RFS-based Bayesian filter. ‘Birth’ is a classical model in the
theory of branching processes [8]. Generally, the target birth
model is indispensable to any multi-target tracker and has to be
applied at each filtering step, which corresponds to a target
birth intensity (TBI) item in the propagation equations of
RFS-based Bayesian filters. The goal of modelling the TBI is to
capture the newly appearing targets online, integrating them
into the underlying multi-target density and allowing the
consequent ‘tracking’. Nevertheless, information about the
birth of new targets is often very limited due to the spontaneity
of target birth, rendering the problem very challenging.

Basically, two critical issues are involved with TBI
modeling. One is the birth function (birth area and model) of
new targets, which is the main part of TBI. The other is the
number of new targets to appear (or the appearing probability
of one target) that is modelled as the magnitude of TBI. For the
birth area of new targets, a typical case is that it is known a
priori. For example, targets appear around the fixed area such
as airports [9] or most likely from the edges of the field of view
[10]. In these cases, the appearance area of new-birth targets
can be built efficiently by using the known profile. In more
common cases, where the targets can appear anywhere, it will
require to cover the entire state space. To overcome this
computational inefficiency, observation-driven birth intensities
were independently proposed in [5, 11] and [17] to improve
tracking performance as well as to obviate exact knowledge of
the birth intensity for the particle filter implementation and for
the GM implementation of the PHD filter. The idea has been
extended to the Cardinality Balanced Multi-target
Multi-Bernoulli (CBMeMBer) filter [15]. In the SMC
implementation, new particles are positioned around
observations to represent newborn targets. In the closed-form
implementation, observations are classified into two parts that
correspond to newborn targets and survival targets respectively
in [12, 13] and a detector based on the continuity of
observations was used to generate intensities of new targets.
Furthermore, Doppler information might be useful to initialize
a more realistic target/track velocity [14]. All of these works
show that observation is useful for system parameter setting.

In contrast, lesser works have been devoted to adapting the
magnitude of TBI. Previous works as aforementioned proposed
adaptive target birth functions, yet offered little clue about how
the TBI magnitude is determined. In current studies, the TBI is



manually assigned with a constant magnitude, i.e. a blind and
fixed speculation of the number of targets is applied. This can
be problematic as it is often unclear how to specify the TBI
magnitude offline, let alone the TBI magnitude varies in time.

This paper proposes a data-driven mechanism to adapt the
TBI magnitude by using the newest observations in the
RFS-based Bayesian filter. An earlier version of the idea is
given in [20] with its application on SMC-PHD filter. To
narrow the scope of the illustration, this paper primarily
investigates the case of the SMC implementation of the PHD
filter and the CBMeMBer filter, which are two typical
RFS-based Bayesian filters.

A brief summary of the idea of SMC-PHD/Multi-Bernoulli
filters and the TBI modeling problem is given in section II. The
observation-driven online TBI magnitude adaptation approach
is presented in section III. Simulation is given in section IV and
the conclusion in section V.

II. BACKGROUND AND PROBLEM STATEMENT

A. RFS formulation of multi-target tracking

In order to model the MTT problem, let F(X') define the
space of finite subsets of targets X € R™ and F(Z) define the
space of finite subsets of observations Z S R™%. Suppose that
at time k, the collections of the states of targets are a RFS X, =
{xk_l, s xk_Nk} € F(X) where Ny, is the number of targets, and
the observations are a RFS Zj = {z,, ...,Zk’Mk} € F(2)
where M, is the number of observations.

Given a multi-target state X,_, at time k—1, each
Xj—1 € Xj_, either continues to exist at time k with survival
probability ps;(xx_1) and to move to a new state with a
transition probability density fix—1(x|xgx-1) or dies with
probability 1 — pg, (x,_1). At timek, a given target x; € X is
either detected with detection probability pp(x;) and
generates an observation z, € Z; with likelihood g (zy|xy) or
miss-detected with probability 1 — pp, ;. (x;). We have

Xk = (erXJ,\, Sk‘k,l (x))(xel)-({, Bk‘k71 (X)) URk (1)

where Sy x—1(x) and By—_1(x) are the RFS of targets that
survive and spawn at scan k from target states X;_,, and Ry is
the RFS of targets that appear spontaneously at scan k.

Z, = (XE[)JQ G, (x)uC, )

where G, (x) is the random set of observations of target x € X,
and Cy is the set of clutter observations at scan k.

Let 7y and 7y, be the multi-target posterior and the
multi-target prior, namely 7y = Ty (Xk|Z10))  T-1 =
Tyik—1(Xk|Z1:k-1), Where Zy = {Zy,Z; ... Z;}. The Bayesian
RFS filter evolves in time via the following recursions
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which consists of two basic steps: prediction and update.

B. The PHD filter

General multi-target trackers as well as the basic RFS-based
filter require the following assumptions:

(A.1) Each target is assumed to evolve and generate
observations independently of others;

(A.2) The clutter distribution is assumed to be Poisson and
independent of the observations;

(A.3) One target is assumed to generate no more than one
observation at each scan;

In addition, the PHD filter assumes that (A.4 Poisson):
Target birth is assumed to be Poisson [16].

Proposition 1 (PHD Prediction) the time-update step is
T () = L%_l p)7, (W) + 7, (x) 3)
where the following abbreviation is used
Bs50) = g, ) f, el) 4, ()

where by (x|u) denotes the intensity function of the RFS
By (x|u) of targets spawned from the previous state u, and
¥ (x) is the birth intensity function of new targets at scan k.
The TBI may be integrated into the PHD updater [17] rather
than integrated into the predictor as above.

Proposition 2 (PHD Update) the data-update step is

ﬂ'k‘k(x) = (l—pD!k(x))_'_ Z M

zeZ; Kk(z)+ck(2) ﬂk\k—l(x) (4)

where k (z) is the clutter intensity at time k
Co(2) = [ Pos g (z|u) 7y, (w)du (5)

To note, the clutter intensity function can be slimmed down due
to gating of clutter [23].

C. The multi-Bernoulli filter

Contrary to the classical PHD filter, the forth assumption
required by the CBMeMBer filter is that (A.4 Bernoulli):
Target birth is multi-Bernoulli, while assumptions (A.1-3) still
hold. Different assumptions derive different equations of the
PHD filter and the CBMeMBer filter; see [3].

The multi-target Multi-Bernoulli (MeMBer) filter that was
proposed by Mabhler [3] and partly corrected by Vo [4],
approximates the Multi-target Bayes recursions by using
multi-Bernoulli RFSs. To be consistent with the previous
denotation, my(-|Z;) denotes the multi-target posterior
density at time k. The corrected MeMBer filter as called
Cardinality Balanced MeMBer filter can be summarized as in
the following two propositions:

Proposition 3 (MeMBer Prediction) if at time k — 1, the
posterior multi-target density is a multi-Bernoulli of the form:

= ) ©)

i=1

Then, the predicted multi-target also a

multi-Bernoulli and is given by

density is

M M
— (i) (i) K (i) (i) Tk
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where
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given previous state ¢
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given state
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{(rr(fk, 29 )} |+ parameter of the multi-Bernoulli

RFS of births at time k&
Proposition 4 (Cardinality balanced MeMBer Update) if at
time k, the predicted multi-target density is a multi-Bernoulli of
the form

M,
— (@) (i) kL
Tt _{(”k\k—ppk\k—l )}izl (10)
then, the posterior multi-target density can be approximated by
a multi-Bernoulli with unbiased cardinality as follows:
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where v, (x) =g, (z]|x)p,, (x)

D. Modeling of TBI

In the PHD/CBMeMBer filter, the birth target density can
be written as y,Ei) x) = rk(i) X p,((i)(x) where i indicates
different TBI model, rk(i)

p,((i) (x) the birth function. rk(i) and p,((i) (x) correspond to two

models the magnitude and

critical issues that need to be considered separately. rk(i) reflects
the average number of new targets and p,(cl)(x) provides

information of target birth area and function. p,gl)(x) is
addressed to be  observation-driven  target  birth
position/function [5, 11-13], uniform birth function [21], or
entropy distribution [22] etc. Mathematically, the target birth
and death problem was formulated for arbitrary boundary

conditions that specify the initial distributions of the numbers
of targets and clutter [8]. Furthermore, amplitude information
and Doppler information of the observation can be further
considered to provide initial target velocities [18].

In contrast, the magnitude of TBI has not attracted sufficient
attention as y,fl) (x) is widely applied with a constant
magnitude rk(L) e.g. 20% [9, 23], 20% (10% each in two regions)
[18], 5% [24], 25% [5], 10% and 1% [17] (separately in two
regions) and 2%, 3%, 2% and 3% (separately in four regions)
[4]. That is, in the SMC implementation, the same number of
new particles of a fixed weight mass are generated at each scan.
This ad-hoc approach for determining the magnitude of TBI is
not always desirable and can be problematic. If given the
knowledge that new targets are more likely to be born at special
steps, the magnitude of TBI should be large. Otherwise, it
should be small or even naught. To employ a magnitude that
matches the background is strongly required to build a realistic
TBI model. Based on this, we propose an observation-driven
method that adapts the magnitude of TBI by using the newest
observations, called magnitude-adaptive TBI. It is worth noting
that the proposed approach is not specific to any

particular p,((i) ().

The PHD recursions can be approximately implemented via
particles [9] or finite GM (Gaussian mixture) [18], as can the
CBMeMBer equations [4]. Specifically, the particle filter that
uses a set of weighted samples to approximate the density
distribution of interest is a powerful statistical method that is
free of linearity and Gaussian assumption and is thereby able to
meet general MTT requirements. A key difference between
them is that all particles belong to the same joint distribution
and so are treated the same in the SMC-PHD filter while they
belong to different Bernoulli, and should be handled separately
in the SMC-CBMeMBer filter. As such, the weights of particles
are correlated with each other in the SMC-PHD filter while the
weight of particles of different Bernoulli distributions are
independent of each other (only the one in the same set are
correlated) in the SMC-CBMeMBer filter. For each target birth
model, the TBI magnitude is represented as the weight mass of
new particles in the former while it is the model parameter 7”1“(113
in the latter. This difference will produce a slight difference of
calculation in the implementation of our approach.

III. MAGNITUDE-ADAPTIVE TBI

Standard implementations of the SMC-PHD filter and the
SMC-CBMeMBEer filter can be found in [9, 4]. In this section,
we will first present the magnitude-adaptive TBI methodology
for the SMC-PHD filter and then discuss its implementation in
the SMC-CBMeMBer filter.

A. Methodology: Adapting TBI in the SMC-PHD filter

Since the target birth is spontaneous, the assumption that
new targets may appear at any step must still be applied.

Proposition 5 (Tentative TBI Magnitude) A tentative TBI ¥, is
assumed with magnitude 7 e.g. 7, = 0.2 for each step. As
common a fixed number N, of particles are used for each target.

That is, J, = i, X N, new particles {ngi)'w;gi)} (as
i=1

called new-born particles) is assigned where the state of them is



determined according to a specified birth function p, (x) while
the homogenous weight can be determined as
@® _Tk_ 1
Wik-1 T Ny (16)
Then, traditional steps of the SMC-PHD prediction and
updating can be processed as follows. Given the importance
densities py (* |Zy), qx (- |Z}) and assuming that there are Lj_4
original particles in time step k — 1 and J;, new-born particles
are allocated for possible new-born targets as above. According
to (3), the particle approximation of the PHD predictor
(realizing Proposition 1) can be written as

Ly +Jy )
ﬂ-k\k—l (xk) = Z W/(Cl‘;—lax’((‘) (xk) (17)
i=1
where
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Kk-1 = BING) =l L, (192)
9, (x, |xk—1 Zy)
(i)
i X .
TR A A A (19b)

Jkpk (XIE” |Zk)
The particle approximation of the PHD updater (realizing
Proposition 2) is

Ly +Jy .
ﬂ-k‘k(xk): Z W;(fl‘l)cé[ét)(xk) (20)
im1
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The next step is to calculate the required TBI magnitude 7;
based on the assumed 7, and the underlying observation Z.

Proposition 6 (Confirmed TBI magnitude) Given the flow of
(16) to (22), the updated weight mass of these new-born
particles is

Ji
Ao 0]
e = Z Wik
i=1
which can be interpreted as an estimate of the average number
of new targets in the assigned TBI region, i.e. a Bayesian
estimate of the magnitude of TBI.

(23)

However, the TBI magnitude might be overestimated via
(23), since clutter can fall into the target birth area to pull up the
weight of new-born particles; this is a drawback of the PHD
filter where, the number of targets will be overestimated. In
order to avoid the overshoot that a large value r;, would be
obtained from (23) due to dense clutter or existing targets, the
magnitude can be further hard-limited to not exceed an upper
threshold 7,4, (other remedy strategies might also work). Then,
the modified magnitude r;, for the TBI is given as follows

i = min (Z{’z‘l W,S?{ , rmax) (24)

Now that the required TBI magnitude can be obtained via
(24). The next step is to incorporate the result into the filter to
perform the formal filtering. One straightforward way is to
update 73, in (16) and then repeat all the calculations from (16)
to (22), which consist of both the PHD predictor and updater.
This will work without any problem but is computationally
intensive. To save computation, calculations that have already
been done (in the tentative stage to obtain the required 7 ) can
be used directly to avoid duplicated computation. Based on the
obtained magnitude of TBI in (24), there are two possible ways
as described in Proposition 7 and 8:

Proposition 7 (Formal PHD Filtering) Based on (24),
reproduce new-born particles to replace the tentative one and
then re-process the calculation given in (19b) and (21~22).

Proposition 8 (Formal PHD Filtering) Use the previous
tentative particles but re-associate their weights as (16) based
on (24) and recalculate (21~22).

Remark 1 In Proposition 7, all calculations based on the
original Lj_4 particles in (21~22), which take a large part of the
computation for PHD updating, do not need to be repeated but
instead, the results obtained in the tentative step can be directly
used for formal PHD updating. Proposition 8 can save more
computation as it does not need to re-generate new-born
particles and update their states. What needs to be re-produced
is the initialization of the weight of these particles according to
the estimated magnitude of TBI. In this case, only very few
calculations related to the weight of new-born particles i.e. Eq.
(19b) and (21) need to be redone at the formal filtering stage.
Specifically, the following computationally intensive part of
(21) does not need to be recalculated.

; Poi (g (2%
l_pD,k(x/(f))‘i'Z |
‘7 K(@)+C(2)

B. Implementation with multiple TBI model

In cases that new targets have multiple birth models e.g.
new targets appearing at different areas; they need to be
modelled as separate functions with individual magnitudes. In
this case, the magnitude of each TBI function can be modelled
separately as described in the single TBI model, which is
independent of each other. This means, in each TBI model, an
assumed number of tentative particles are used to process the
tentative PHD updating independently without interaction. The
estimated TBI magnitude shall be used separately in each TBI
model. We call this the independency of the magnitude of the
TBI. This will be demonstrated in our simulation.

It is worth noting that, it will be still difficult to handle the
case where different TBI functions are highly overlapped and
hence their birth PHDs are highly correlated in close proximity.
In this case, the calculation (23) is no longer straightforward or
may even be inapplicable. Intuitively speaking, it is not straight
to clearly distinguish whether a new target is generated by
model A or by model B if they share a common target birth area
(although sometimes it is unnecessary to do so). As our
suggestion, the estimated TBI magnitude shall be shared
proportionally between TBIs owning the common area.



C. Adapting TBI in the SMC-CBMeMBer filter

The TBI magnitude parameter rr( k) ,i =1,..., Mp required
by the CBMeMBer filter represents the probability of the
underlying track that belongs to a new target and can be
calculated online in a very similar way to the application in the
SMC-PHD filter. The following Propositions 9-10 aim to
obtain the required TBI magnitude and Proposition 11 states the
formal SMC-CBMeMBer filtering.

Predicting step (realizing Proposition 3).

Suppose that at time k — 1 the multi-Bernoulli posterior
multi-target density m,_, is given as (6) and each pk 1,i =
1, .., M4 comprlses a set of weighted

. i 9
particles {x,gljl), (”)}]kli, ie.

L( i
P = 2 w8 ()
Jj=1
Proposition 9 (Tentative CBMeMBer Filtering) Assume
rF(Lk) = fk( ) (a specified parameter) for the ith target birth model
and a fixed number N, of particles per target are used, ie,

@ =7 x N, new-born particles {xlgkj),wlglk] )} o are
j= L))

created, where the state is determined according to the birth

model x(”) bP(-1Z,),i = 1,.. My, and the weight can be
determmed as follows

Fltl

~(r /) - Wl("l/{) / Z W(l ) (25)
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@) _  Pri (x )
WFJ: b(l)( (lj) |Z ) (26)
Then the multi-Bernoulli dlStI‘lbuthIl {(rr(lk), pgl,)()} glven in

(7) is represented by these new -born particles, where rF k is the

parameter of interest and p ) is defined as

(i)
rFA

Py =2 w0, (x)

J=1
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In addition, given importance densities qkl)(- |xx—1,Zy) for the
particle propagation, the predicted multi-Bernoulli density (7)
can be calculated as follows

1511)5\/{ 1= rk(l)lz W(I /)ps k(x(L J)) (28)
pg)lf\k ((x)= ngk/&c 19,000 (x) (29)
where
(@, ( (@, P i
X ~ a4 C1x.Z, ) j=le, L, (30)
~(i,/) ( ) (i,/)
WPI,k/\k 1 1;1!\1( 1 /zwl’lk/\k—l (31
(l ) (@i,7) (i,7) (@,7)

() _ jfk\k1(xp/f\k1|x j)pSk(x j) (32)

We ki1 = u(x(: ) |x<u> Z)

9 Xp k-1 | X214

Updating step (realizing Proposition 4):

Suppose that at time k the predicted multi-Bernoulli
multi-target density 7y ,—q is given as (10) (where My x4 <

Mj_; + Mr;) and each P,E?k_l,i =1,. Mk|k 1 comprises a

set of weighted particles {x,gll,i) 1 W,Ej,\f) 1} k'k ie.

(i)
L

p,i",il(X) Z \kl Zw(x) (33)

Then, the updated multl—Bernoulh density (11) can be
calculated as follows
, ,o 1=y
i) _ (l), L.k (34)
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In particular, we define the component of (36) with regard
to the ith predicted Bernoulli (including the tentative Bernoulli
of births) as

(i) (i) (i)
Tilk—1 (1- Telk-1 )¢ 'k(z)
2
[OIIO]
(l_rk\k 1€Lk)

R = (44)
Ty & My rk(\i) 1€(j)k( )
K(2)+ X 1=+ o
Jj=1 k\k 1% Lk

which corresponds to the confirmed probability of the ith
Bernoulli distribution representing a true target that generates
observation z. For the ith Bernoulli of births i = 1, ... M, the
largest rlff,;l) for all z € Z, can be interpreted as the confirmed
magnitude of the ith TBI. More strictly, we have



Proposition 10 (Confirmed ~ TBI =~ Magnitude)  The
parameter rr(Lk) can be adapted at time k by
A =min (max B ) (45)
’ zeZ, ’

where r,,(llgx is the specified parameter to avoid overshoot for
each TBI model. Eq. (45) indicates that the magnitude of TBI is
determined by the model with the most likely observation
(further solutions can be added here to find the observations

that are likely to be generated by targets).

To incorporate the confirmed TBI magnitude into the filter,
we adopt Proposition 11 for formal filtering

Proposition 11 (Formal Filtering) Re-calculate Eq. (34)
(for the new birth model i =1,...,M;; ) and (36) for all

Bernoulli based on the updated ﬁflk) given in (45).

Remark 2 Proposition 11 uses the same new-generated
particles for TBI in the formal filtering as in the tentative stage.
Except for eq. (34) and (36), all the other calculations executed

in the tentative stage are not related to rr(l,? and their results can

then be stored for use in the formal filtering stage. Both the
state and weight of new-born particles do not need to be
re-calculated (different from the case of the PHD filter).

D. Extension to the GM implementations and beyond

The proposed approach can be viewed as a look-ahead step
where newest observations are employed to shape the desired
magnitude of TBI in a rehearsal trial. Very similar work has
been done in the observation-driven birth intensities [5, 11, 17]
where the observation information is used to determine the
most possible target birther area. This is also similar to the
auxiliary variable idea [25] in the particle filter that employs
knowledge about the next observation to ensure that particles
which are more likely to have high likelihood have a good
chance of surviving.

As a matter of fact, our approach requires no additional
assumption of the system. If the birth intensity function
pr(x) is adapted in accordance with observations, the PHD or
CBMeMBer equation must be applied in a different form [5].
This is because these equations are derived by strictly following
the assumption (A.4). Here in our approach, owning to the
independence of the TBI magnitude in conjunction with
assumptions (A.1-4), the proposed magnitude-adaptive
mechanism will not trigger any modification of the general
Bayesian RFS equations. This critical point guarantees the
generality and convenience of our approach.

The proposed approach to determine the magnitude of TBI
is also potentially applicable to other RFS-based Bayesian
filters. The following are some of the examples.

(1) Integrating with the adaptive target-birth function e.g.
[5, 11, 15] for complete adaptive TBI. In this case, both the
form (function) and the magnitude of TBS are adapted online
based on observations rather than ad-hoc/blind assumption

(2) Applying to advanced extensions of the PHD filter for
higher order, e.g. the CPHD filter or applying to the GM
implementation of RFS-based Bayesian filters including PHD
filter, CPHD filter and multi-Bernoulli filters.

However, we leave out a full demonstration of all of them
due to space constraints. In what follows, the validity of our
approach is only demonstrated in the context of the SMC-PHD
and SMC-CBMeMBer filter.

IV. SIMULATION

In the simulation, new targets spontaneously appear from
four different areas and each target moves according to the
following Markov transition dynamics

1 A0 O A2 0

0100 A0 [w
“Elo o1 aA™ Y 0 a2 [wkj (46)

0 0 0 1 0 A

where the sampling time A=1, x; = [Xp1, X2, X3 Xie a0 ] »
[xx 1, Xk 3]" is the position while [x 5, Xx 4, ]7is the velocity at
time k. The process noise {wy,} and {wy,}are mutually
independent zero-mean Gaussian white noise with a standard
deviation of 15, respectively.

The range-and-bearing observation region is the half disc of
radius 2000m. If any target is detected, the observation is a
noisy range and bearing vector given by

2 2
AX X
k.1 k.3 + Vk (47)
arctan(x, , / x, 3)

where v ~N (+; 0, Ry), with R, = diag([a2, 6¢]"), o, = 5m,

0y = m/180rad/s. Clutter is Poisson with intensity x=1.6x107
that is an average rate of 10 points per scan over the region [0,
2000]m %[0, m]rad.

Z, =

The trajectories of targets simulated are plotted in Fig.1
where the color distinguish different birth model and each
trajectory starts from ‘A’ and ends at ‘0’. The scenario covers
cases in which single or multiple births of targets occur at
positions being far or close to existing targets and exist for a
period of short or long. For the SMC-PHD filters, the target
birth process follows a Poisson RFS with intensity y;, =

LinuN(5m;, Q) , where my = [—1500,0,250,0], m, =
[—-250,0,1000,0] , ms = [250,0,750,0] ,
m, = [1000,0,1500,0] , Q =diag ([50,50,50,50]7)?>  and
71 = 0.02, 1., = 0.02, 1,3 = 0.03,13,, = 0.03. For the

SMC-CBMeMBer filters, the target birth process is a

multi-Bernoulli RFS with density np = {rr(i),pﬁi)}?:l, where

n =5? =0.02,45 =5 =0.03,p" = ¥(;m, Q).

The simulation uses the survival probability of a target ps =
0.99 , the detection probability of a target pp(x) =
0.98N ([x1 4, %2175 0,6000%1,) /N (0; 0,6000%1,) . For the
SMC implementation, 1000 particles per expected target are
used. The optimal sub-pattern assignment (OSPA) metric is
used to evaluate the estimation accuracy. The cut-off parameter
used is 100, the order parameter is 1; see [26]. Specifically, we
adopt the MEAP estimator for multi-estimate extraction [27],
which has been demonstrated be to computationally faster,
more reliable and accurate than clustering methods.

Three SMC-PHD filters and three SMC-CBMeMBer filters
are designed to be different from one another only on the



magnitude of TBI in each group. The basic implementations of
the SMC-PHD/CBMeMBer filter use the constant
parameter 1, ; = 0.02, 1., = 0.02, 13,3 = 0.03,71, , = 0.03 at
all scans (the closest parameters to the truth). We have found
that the TBI magnitude should be maintained in a relatively low
level in the CBMeMBer filter. In the exactly-known TBI
approach, the time and area of target birth is exactly known and
the filter uses r,; = 1in the PHD filter and r,; = 0.5 in the
CBMeMBer filter at scans when new targets appear in area i
otherwise 1, ; = 0, where i = 1, 2,3, 4. The proposed adaptive
approach applies the tentative i, ; = fy, , = i3 = 4 = 0.1 t0
calculate the required magnitude. The SMC-PHD filter uses the
upper threshold 73,4, = 0.6 while the SMC-CBMeMBer filter
uses the upper threshold 7,4, = 0.2.

The average magnitudes of four TBI 7, ; are given in Fig. 2
for three SMC-PHD filters and in Fig. 3 for three
SMC-CBMeMBer filters. The magnitude obtained in our
approach is larger than the constant assumption only at the step
when target birth occurs and the following one/two steps when
new targets are still around the target birth area, or at the stage
when other moving target pass by. Results confirm that the
proposed magnitude-adaptive mechanism could yield a proper
estimation of the magnitude of TBI that is close to the truth. By
comparing the results in the SMC-PHD filter and the
SMC-CBMeMBer filter, the proposed approach works better in
the former rather than in the latter as the TBI magnitude tends
to be overestimated several times.

The mean OSPA, estimated number of targets and
computing time of different filters with an average of 100 trials
for each step, are separately plotted in Fig. 4 for the three
SMC-PHD filters and in Fig. 5 for three SMC-CBMeMBer
filters. Compared to the TBI model with fixed magnitude, the
adaptive approach and the magnitude-known TBI strategy have
increased the computing time by an average 27.63% and
14.15% respectively and have reduced the OPSA by an average
8.22% and 13.56% respectively in the SMC-PHD filters, and
they have increased the computing time by an average 1.11%
and 2.54% respectively, and have reduced the OPSA by an
average 4.51% and 30.33% respectively in the
SMC-CBMeMBer filters. Comparably, the filter using the
exactly-known TBI magnitude yields the best performance,
while the adaptive approach performs moderately and is better
than the filter that uses the constant magnitude for TBI. The
accuracy advantage of the proposed approach is more obvious
in the PHD filter than in the CBMeMBer filter where in the
latter it costs lesser additional time.

Fig. 1 Trajectories of targets which are generated according to four
different target birth models

—— M. of TBI: fixed

_ 1‘\l f M. of TBI: adaptive
4 05 \ }“‘\ — M. of TBI: known 1
0
0 20 40 60 80 100
Step
i
| I\
=4 05 # 1
0 \ At
0 20 40 60 80 100
Step
L ——
051 It il i b
< . AN AT
0 20 40 60 80 100
Step
1 f
% 05¢ A ]
w08 I
0 20 60 80 100
Step
Fig. 2 Magnitudes of TBI used in different PHD filters
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Fig. 3 Magnitudes of TBI used different CBMeMBer filters (the
legend of this figure is the same with Fig. 2)
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Fig.5 Mean OSPA, estimated number of targets and computing time
used in different CBMeMBer filters (the legend of this figure is the
same with Fig. 4)

In summary, the use of the magnitude-adaptive mechanism,
whether in the SMC-PHD filter or in the SMC-CBMeMBer
filter, shows advantages over the traditional approaches that
employ constant assumptions on estimation accuracy.
Although the benefit of the design of the magnitude of TBI
might not be as significant as one would expect, the proposed
approach certainly provides a reliable solution that avoids
ad-hoc specification of the magnitude of TBI.

V. CONCLUSION

Modelling new-born targets in the MTT scenario is critical
for multi-target trackers, which aims at capturing the
new-appearing targets and integrating them into the tracking
system. In this paper, a magnitude-adaptive TBI approach has
been developed for RFS-based Bayesian filters including the
PHD filter and the CBMeMBer filter, which adapts the TBI
magnitude online with respect to the newest observations in
exchange for very little additional computation. Using the
information contained in observations for better understanding
of the background profile is a critical methodology in Bayesian
filtering. The proposed magnitude-adaptive TBI does not need
redesign of the propagation equation of particles, which is free
of ad-hoc assumptions and provides a reliable solution for
real-life problems. Simulations of the SMC implementation of
the PHD filter and the CBMeMBer filter have demonstrated the
validity of our approach.
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