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Abstract – Convoys are military objects of interests
in certain applications like battlefield surveillance, that
is why it is important to detect and track them in the
midst of civilian traffic as part of the situation assess-
ment. Our purpose is a process in two steps. The
first is an original tracking algorithm appropriate for
Ground Moving Target Indicator (GMTI) data based on
the hybridization of a labeled GMCPHD (Gaussian Mix-
ture Cardinalized Probability Hypothesis Density) and
the VS-IMMC-MHT (Variable Structure - Interacting
Multiple Model with Constraints - Multiple Hypothesis
Tracking): one is very efficient to estimate the num-
ber of targets and the other for the state estimates.
Then, by using algorithm outputs and other data like
video or SAR if they are available, vehicle aggregates
are detected and their characteristic are introduced into
a Dynamic Bayesian Network which processes the prob-
ability for an aggregate to be a convoy. Finally, the
number of targets belonging to the convoy is evaluated.
This process is tested on a complex simulated scenario,
our tracking algorithm is compared to classical ones and
used to compute the probability to have convoys.

Keywords: Multitarget Tracking, GMTI, Convoy
detection, GMCPHD, VS-IMMC-MHT, dynamic
bayesian network

1 Introduction
In the battlefield surveillance domain, ground target

tracking is a first challenging task to assess the situation
[1]. Data used for tracking comes from Ground Moving
Target Indicator (GMTI) sensors which detect moving
targets only by measuring their Doppler frequency. The
goal is to have a real ground picture: the number of
targets, their dynamics, their relationship... in order to
discover military events of interests. In this article, we
focus on convoy detection.

Some studies on convoy detection based on GMTI
signatures already exist [2, 3, 4], but our purpose is con-
voy detection by using target tracks. In this context,

two steps are proposed : (1) process a hardy multi-
target tracking algorithm in order to detect vehicle ag-
gregates with precision in term of cardinality and state
estimation, (2) check if the detected aggregates are con-
voys or not, by introducing other data types (Synthetic
Aperture Radar (SAR), video,. . . ) and by using a data
fusion method. This purpose is summarized in Figure
1.

Very efficient tracking algorithms exist today and
they have to be adaptated to the very complex ground
environment. First, the traffic density is very high and
generates a large number of measurements. This char-
acteristic eliminates, in our application, Monte-Carlo
techniques [5, 6, 7]. Moreover measurements are noisy
and can contain many false alarms. Also vehicles on the
ground are usually quite manoeuvrable over short pe-
riods of time according to the sensor scanning time T .
Finally, vehicles are detected by the sensor with prob-
ability PD and according to the sensor resolution. In
other words, when vehicles are very close together, one
measurement can be missing generating the spawned
targets. This phenomena added to the problem of
data association make the classical algorithms, like SD-
assignment [8] or MHT [9] less efficient to track convoys.
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Figure 1: Convoy detection process

However, recently, a new filter class appears, open-
ing a lot of opportunities. The Probability Hypoth-
esis Density (PHD) Filter was developped by Ronald
Mahler by using his work on FInite Set STatistics [10]
(FISST) and Random Sets. This filter leads to a new



class of algorithms [11] based on the study of joint den-
sity probability of the Random Finite Sets (RFS) de-
scribing target dynamics and measurements. The first
order moment of this RFS, called the intensity function,
is the function whose the integral in any region on state
space is the expected number of targets in that region.
Points with highest density are then expected targets.
To improve the number of targets estimation, Mahler
proposes a generalization of the PHD called the CPHD
[12], which jointly propagates the intensity function and
the entire probability distribution of the number of tar-
gets. Under Gaussian assumptions on target dynamics
and birth process, Vo proposes a CPHD recursion called
the Gaussian Mixture Cardinalized PHD [13, 14] (GM-
CPHD). This approach gives very encouraging results,
in particular for the estimation of the number of targets
and seems adaptated to convoy tracking.

Nevertheless, as we will show in Table 7, with ma-
noeuvring targets, the GMCPHD has problems with
velocity estimation. From this point of view, the GM-
CPHD and the IMM-MHT can be seen as complemen-
tary algorithms: the first for the estimation of the num-
ber of targets and for an approximate position estima-
tion, and the latter can be used to specify state es-
timation. The proposed hybridization is described in
Figure 1. In this approach, we use a special version of
the MHT: the VS-IMMC-MHT [15] (Variable Structure
- Interacting Multiple Model with Constraints - Multi-
ple Hypothesis Tracking) which uses road segment po-
sition from Geographical Information System (GIS) to
improve the state estimation. Other authors proposed
to combine a PHD filter with other filters [16]. By us-
ing outputs of our algorithms, we are able to detect
aggregates with precision. The second step is to define
if they are convoys or not.

Before discuss our approach, we define a convoy as
a group of vehicles, evolving on the road, having the
same dynamics and generally composed of more than
two military vehicles. The distance between two vehi-
cles depends on the environment, but most of the time
it is over 100m. Giving these restrictions, we want to
produce a general convoy model, able to discriminate
convoys from a group of vehicles. We use the Dynamic
Bayesian Network (DBN) formalism which seems adap-
tated to this problematic [17].

The paper is organized as follows: Section 2 is a de-
scription of the existing GMCPHD filter, Section 3 de-
tails how we use this algorithm in a hybrid version,
Section 4 explains how DBNs are used for convoy de-
tection. Finally Section 5 describes our simulation and
compares results before we conclude in Section 6.

2 Background on the GMCPHD
filter

2.1 The PHD filter

A Random Finite Set (RFS) is a finite-set valued ran-
dom variable which can be generally characterized by
a discrete probability distribution and a family of joint
probability densities representing the existence proba-
bilities of the target set. Considering the RFS of sur-
vival targets Sk|k−1 between iterations k− 1 and k, the
RFS of spawned targets Bk|k−1 and the RFS of spon-
taneous birth targets σk, the global RFS characterizing
the multitarget set can be written as:

Xk =





⋃

ζ∈Xk−1

Sk|k−1(ζ)



 ∪





⋃

ζ∈Xk−1

Bk|k−1(ζ)



 ∪ σk

(1)
In the same manner, the multitarget set observation

Zk can be seen as a global RFS composed by the RFS
of measurements originally from the targets Xk and by
the RFS of false alarms Kk:

Zk =

[

⋃

x∈Xk

Θk(x)

]

∪ Kk (2)

The PHD traditionally evolves in two steps: predic-
tion and estimation that propagate the multitarget pos-
terior density of the target RFS also called the intensity
function v. The prediction state is based on the a poste-
riori intensity function vk−1 at the previous time k−1,
the probability PS for a target to survive between times
k−1 and k, the transition function fk|k−1(.|ζ) given the
previous state ζ and the intensity of target birth γk.

vk|k−1(x) =

(
∫

Ps(ζ).fk|k−1(x|ζ).vk−1(ζ)dζ

)

+ γk(x)

(3)
Knowing the measurement random set Zk, it is pos-

sible to update the intensity function as follows:

vk(x) = (1 − PD)vk|k−1(x)+
∑

z∈Zk

PD.g(z|x)vk|k−1(x)

κk(z) +
∫

PD.g(z|ζ)vk|k−1(ζ)dζ

(4)

where g(z|x) is the likelihood of a measurement z know-
ing the state of a target x, κk is the clutter intensity
which is modeled by a Poisson process.

2.2 The GMCPHD filter

The GMCPHD, proposed by Vo [13], combines a
Gaussian mixture model for the intensity function with
the Cardinalized generalization of the PHD filter. That
means that the posterior target intensity can be written
as a Gaussian mixture:

vk(x) =

Jk
∑

i=1

wk,iN (x; mk,i, Pk,i) (5)



where wk,i, mk,i and Pk,i are the weight, mean and co-
variance of the current Gaussians and Jk is their num-
ber.

Moreover, added to the operations (3) and (4), the
probability to have n targets is predicted and estimated
in the same way, as, ∀n ∈ N

⋆,

pk|k−1(n) =
n
∑

j=0

pΓ(n − j)×

∞
∑

l=j

Cl
j

〈Ps, vk−1〉j〈1 − Ps, vk−1〉l−j

〈1, vk−1〉l
pk−1(l)

(6)

with pΓ(n − j) the birth probability of (n − j) target
and Cl

j the binomial coefficient with parameters (n, j).
Following the Bayes theorem, the estimated cardinality
distribution pk|k can be written as a likelihood ratio:

pk|k(n) =
L(Zk|n)

L(Zk)
pk|k−1(n) (7)

where L(Zk|n) is the likelihood of the measurements
set Zk knowing that there are n targets and L(Zk) is a
normalizing constant.

3 The VS-IMMC-MHT / GM-
CPHD hybridization

3.1 The labeled GMCPHD

In the classical version of the GMCPHD, the problem
of track labeling is not considered. Yet, this step is quite
important for complex multitarget scenario. Clark and
Panta [18, 19] proposes method but not adaptated to
Gaussian mixture and to a large number of targets.
Also, we propose, as an alternative, using the track
score for the track initialization and in addition to the
statistical distance between peak and predicted track
to take into account the global weight for the peak to
track association.

Let G be the Gaussian set given by the GMCPHD
written:

Gk = {wk,i, mk,i, Pk,i}i∈{1,...,NG

k
} =

{

Gk,1, . . . ,Gk,NG

k

}

(8)
where NG

k is the number of Gaussians (NG
k > N̂k) at

time k. A track can be defined as a sequence of es-
timated states describing the dynamics of one target.
The goal of tracking is to offer a list of tracks corre-
sponding to all of the targets. That is why this labeling
step is necessary in order to provide a track set chosen
amongst the Gaussian set Gk. A track Tk,i is defined
at time k by a state x̂k,i, a covariance Pk,i and a score
sk,i:

Tk,i = {x̂k,i, Pk,i, sk,i}i∈{1,...,N̂k}
(9)

The track set is finally written:

Tk =
{

Tk,1, . . . , Tk,N̂k

}

(10)

with N̂k the estimation of the number of targets given
by the GMCPHD.

We define a set of association matrices Ak of size
N̂k × NG

k to associate the Gaussian set to the tracks.

∀(m, n) ≤ (N̂k, NG
k ), an association matrix Ak,i is writ-

ten as:

Ak,i(m, n) =

{

1 if Gk,n can be associated to Tk|k−1,m

0 otherwise
(11)

with Tk|k−1,m the predicted track m and knowing that a
track is associated at most to one Gaussian. A Gaussian
peak n is said associable to a track m if it satisfies a
gating test around the predicted position of the track.

We define a weight matrix Wk of size N̂k×NG
k defined

as follows, ∀(m, n) ≤ (N̂k, NG
k ):

Wk(m, n) =

{

wk,n if Gk,n can be ass. to Tk|k−1,m

0 otherwise
(12)

If N̂k > N̂k−1, one or more new tracks must be ini-
tialized and each Gaussian is a potential new track. In
matrix Wk, ∀m ∈ {1, . . . , NG

k }, ∀l ∈ {N̂k−1+1, . . . , N̂k},

Wk(m, l) = wk,l (13)

In the same way, if N̂k < N̂k−1, some tracks must be
deleted. Weakly weighted tracks cannot be deleted be-
cause of the detection probability, which is why tracks
with the lowest score are deleted.

Finally, we compute the set of global weight of an
association:

W
g
k =

N̂k
∑

m=1

NG

k
∑

n=1

Ak(m, n).Wk(m, n) (14)

And the association matrices which maximize the
weight are written as:

A⋆
k = argmax

Ak

W
g
k (15)

Similarly, the cost matrix Ck of size N̂k ×NG
k is writ-

ten as, ∀(m, n) \ (N̂k, NG
k ),

Ck(m, n) =

{

c(m, n) if Gk,n can be ass. to Tk|k−1,m

0 otherwise
(16)

with c(m, n) the cost of the association of the predicted
track m with the Gaussian n written as the negative
Napierian logarithm of the likelihood ratio, ∀(m, n) ∈
(N̂k, NG

k ),

c(m, n) = −ln

(

PD.Λ(Gk,n|Tk|k−1,m)

βFA

)

(17)

with βFA the spatial false alarm density and Λ(Gk,n)
the likelihood of the Gaussian n knowing the predicted



position of the track m, calculated as a Gaussian den-
sity.

Finally, the global association cost is computed as:

C
g
k =

N̂k
∑

m=1

NG

k
∑

n=1

A⋆
k(m, n).Ck(m, n) (18)

And the best association A⋆⋆ is computed like the min-
imal cost matrix:

A⋆⋆
k = argmin

A⋆
k

C
g
k (19)

3.2 The hybridization

The GMCPHD produces a reliably estimation of the
number of targets, whereas the VS-IMMC-MHT is ef-
fective to give a good estimation of the target state by
introducing road coordinates when targets are not close
together, because of the problem for MHT algorithm to
evaluate the number of targets. We propose therefore
to use these two algorithms as complementary filters:
the first estimates the number of targets and the ap-
proximate target position and the second increases the
accuracy for the target state estimation. The two al-
gorithms are running simultaneously. Then, a gating
process is applied around the target position given by
the GMCPHD, to select MHT tracks. Finally, MHT
tracks which have the highest score are selected. If a
PHD track is not associated to any MHT track, the
GMCPHD track is kept.

This approach combines the advantages of the differ-
ent algorithms without increasing the processing time:

• Robust to target maneuvers by using IMM

• Good precision for state estimation by using road
coordinates

• Good estimation of the number of targets

• No performance decrease when targets are close
together

Different algorithms performances are compared in
Section 5 in a complex scenario. But before let us define
the proposed convoy detection method.

4 Description of a convoy
4.1 Some definitions

A convoy is defined as a vehicle set evolving approx-
imatively with the same dynamics during a long time.
These vehicles are moving on the road under a limited
velocity (<20m/s). They must stay at sight with almost
constant distances between them (mostly 100m). Cri-
teria describing a convoy are manifold and of different
natures, moreover variables are discrete. That is why,
bayesian networks represent an interesting formalism in
our application as in similar thematics [20, 21, 17, 22].

A Bayesian Network (BN) is a graphical model for
representing dependency relation between a set of ran-
dom variables. Graphically, each variable is represented
by a node and an arc, from a node Xi to a node Xj ,

means that Xi “causes” Xj , ∀(i, j) ∈ {1, . . . , N}2
. Fi-

nally, the joint probability is computed as:

P (X1, . . . , XN ) =
N
∏

i=1

P (Xi|Pa(Xi)) (20)

where Pa(Xi) are parent nodes of Xi.
The Dynamic Bayesian Networks (DBN) are an ex-

tension of BN, which take into account the time evo-
lution of random variables. The convoy detection ap-
proach is bounded to the time evolution as shown in
Figure 2. For example, variable X5 is time depending,
because the type information can come from heteroge-
neous sources (SAR, video, . . . ) with different scanning
times, and variable X9 is confirmed with time.

X1 X2

X3 X4 Xk
5

X8

X6 X7

Xk
9

X1: Velocity < 80km/h {yes, no}
X2: Constant velocity {yes, no}
X3: Velocity criteria {yes, no}
X4: On the road {yes, no}

Xk

5 : Military vehicles {yes, no}
X6: Constant distance between vehicles {yes, no}
X7: Constant convoy length over time {yes, no}
X8: Distance criteria {yes, no}

Xk

9 : Convoy {yes, no}

Figure 2: Dynamic bayesian network for convoy de-
tection. The gray nodes represent states depending on
their previous state.

4.2 Conditional Probability Distribu-
tion evaluation

If independency relation between variables can be
very intuitively established, one difficulty with DBN
is to evaluate the Conditional Probability Distribution
(CPD) of each node given its parents. If data sets are
available, these prior probabilities can be learned, but
in our case, they are evaluated by experts, according
to a certain weight to each parameters. For example,
if a convoy is detected at time k − 1, the probability to
detect one at time k is high and the prior probability
given to this parameter must be “relatively” high. As
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Figure 3: Examples of transformation

described in [23], we propose heuristic rules to represent
relationships between variables :

5×Xk−1

9
+1.5×X3 +X4 + X5 + 1.5×X8 = Xk

9 (21)

As said, this rule means that the probability to have a
convoy at time k is half-depending on the fact to have a
convoy at time k−1, and that we care more criteria on
distance and velocity than criteria “on road” or “vehicle
type”.

4.3 Probability transformation

Another difficulty is the transformation of numerical
data (number of targets, target position and velocity,
road position) into a probability. This step is done by
using probability distributions or fuzzy transformations
like linear transformation (cf. Fig 3 (a)) or Gaussian
transformation (cf. Fig 3 (b)):

• p(X1) is computed according to a Rayleigh distri-
bution.

• p(X2) is following a fuzzy linear transform using
the difference between velocity mean at time k and
at previous times.

• p(X4) is computed according to a χ2 distribution.

• p(X6) is computed using a fuzzy gaussian trans-
formation by studding the distribution of distances
between vehicles of the aggregate.

• p(X7) is computed using a fuzzy linear transfor-
mation by examining the variation of the convoy
length over time

4.4 Inference

The next step consists to propagate the information
through the network. It is called the inference. Many
algorithms exist like JLO [24] from the names of its
authors or Expectation-Maximization (EM) algorithm.
We choose arbitrarily the JLO algorithm adaptated to
discrete nodes and available in the Murphy’s Bayes net
toolbox [25].

4.5 Targets number estimation

Computing the probability p(X9) for an aggregate
to be a convoy is a first step (cf. Figure 9), but it
is possible to take into account the average number of
targets belonging to the convoy. First, we know the
number of targets in the aggregate and moving in the
same direction. If for instance at time k, we detect
N(k) = 5, while there was 4 until there, we have to
propagate the information and to compute simultane-
ously the probability to have a convoy with 5 vehicles,
and a convoy with the 4 best located target tracks.
Mathematically, it means we compute p(X9, N

C), with
NC the set of different values taken by Nk, where
Nk = {N(1), . . . , N(k)} is the sequence of mean num-
ber of targets in the aggregate, moving in the same
direction.

However, as shown in Figure 11, it is not easy to
discriminate certain cases, here the cases NC = 5 and
NC = 6 (the reality is NC = 6). If, at the beginning
of the simulation, we detect NC = 5, we must continue
to compute the probability to have a 5 target convoy,
because we are possibly in the case of an overtaking, but
it is not realistic, to support this assumption against the
6 target convoy if the sequence of measurement never
gives again N(k) = 5. That is why we introduce the
local estimated cardinality of the Gaussian mixture on

the aggregate surface, computed as NC
k =

Nmax
∑

i=1

i.pCk|k(i)

knowing the sequence of average number of targets.
Finally, the probability becomes:

p(Xk
9
, NC , N̂C

k |N
k) = p(X9, N

C).p(N̂C
k |N

k) (22)

By considering a Markovian assumption and Bayes
theorem, the probability is computed as:

p(N̂C
k |N

k) = p(N(k)|N̂C
k , N(k − 1)).p(N̂C

k |N(k − 1)).
1

c
(23)

with c a normalization constant, p(N̂C
k |N

k−1) =

N (N̂C
k ; Nk−1, σ2

N ) is computed as the normal den-
sity with mean Nk−1 and variance σ2

N , and

p(N(k)|N̂C
k , Nk−1) is computed by using a linear trans-

formation.

5 Simulation and results
In the following, we present some simulation results

that illustrate the performances of the proposed hy-
bridization. These are compared to the performances
of a classical IMM-MHT, a labeled GMCPHD, a VS-
IMMC-MHT and an hybridization GMCPHD/IMM-
MHT. Then we present some results on the convoy de-
tection.

5.1 Scenario

The GMTI sensor has a linear trajectory, its ve-
locity is 30m/s and its altitude is 4000m. The typi-
cal measurement error is 20m in range and 0.008rad



in azimuth. The sensor scan time is T = 10s. Sce-
nario time is limited to 500s. The false alarm density
is βFA = 8.92.10−9 and the detection probability is
PD = 0.9. Target trajectories are illustrated in Figure
4, while cumulated MTI reports are shown in Figure
5. In the scenario, one 6 target convoy (Target 1-6)
is moving on the main road with a constant velocity
of 10m/s from South to North. An independant tar-
get (Target 7) is moving on the same road in the same
direction but with a constant velocity of 15m/s and
overtakes the convoy between time t=150s and t=350s
approximately.

Figure 4: Scenario

Figure 5: Cumulated MTI reports

The simulation parameters are presented in Tables 1
to 5.

Name Value

CV model noise 1 0.05m.s
−2

CV model noise 2 0.8m.s
−2

Model noise 3 (STOP) 0m.s
−2

Table 1: The IMM parameters

5.2 Results

The performances of tracking algorithms have been
compared for 100 independent Monte Carlo runs. Fig-

Name Value

Birth target density 8.92.10−9

Threshold for track confirmation 10−4

Threshold for track deletion 10−1

Threshold for hypothesis deletion 10−2

Number of branches to keep 2
Threshold for gloabl track probability 50
Number of scans before pruning 50
Gating probability 0.95

Table 2: The MHT parameters

Name Value

Survival probability 0.98
Initial Gaussian weight 10−3

Pruning threshold 10−2

Merging threshold 20
Maximum number of targets 50
Maximum number of Gaussians 50
Average number of birth 0.6
Model noise 2
Maximum velocity 20

Table 3: The GMCPHD parameters

Name Value

CV model noise 1 in normal direction 0.1
CV model noise 1 in orthogonal direction 0.1
CV model noise 2 in normal direction 0.6
CV model noise 2 in orthogonal direction 0.4
Maximum value for off road velocity 9m.s

−1

Table 4: The VS-IMMC parameters

Name Value

Number of iterations for score calculation 3
Weight threshold for new track 0.8

Table 5: The hybridization parameters

ure 6 shows the average RMSE (Root Mean Square Er-
ror) of each target in position, Figure 7 average RMSE
in velocity and Figure 8 is the track length ratio of
each target. The IMM-MHT offers acceptable perfor-
mances in state estimation, while the VS-IMMC-MHT
improves highly position estimation. The GMCPHD
produces lower performances in term of state estima-
tion, but the track length ratio is close to 1. The hybrid
version (Hybrid 1 is the hybridization of IMM-MHT
and GMCPHD, Hybrid 2 is the hybridization of VS-
IMMC-IMM-MHT and GMCPHD) is a good compro-
mise between the two sorts of algorithms. The track
length ratios have similar values as the GMCPHD,
whereas, the state estimation are similar for Hybrid 1
to the IMM-MHT and for Hybrid 2 to the VS-IMMC-
MHT.

Concerning the convoy probability, p(X9) is evolving
progressively from 0.5 to 0.6 (cf. Figure 9) with some
picks which indicate a change of cardinality in the ag-
gregate. By introducing NC , we begin to estimate the
number of targets in the aggregate (cf. Figure 11). We
discriminate the case NC = 7, but we cannot decide be-
tween NC = 5 or 6. Finally, by introducing N̂C

k know-
ing Nk (cf. Figure 10), the case NC = 6 appears as the



Figure 6: Average RMSE in position of each target

Figure 7: Average RMSE in velocity of each target

Figure 8: Track length ratio

most likely.

6 Conclusion
The new approach for convoy detection has shown

its efficiency on a complex multitarget scenario. Sev-
eral theoretical contributions have been proposed. The
first one concerns the labeled version of the GMCPHD
that allows to differentiate the tracks. The second con-

0 50 100 150 200 250 300 350 400 450 500
0
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0.2

0.3

0.4

0.5
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0.7

Time

p(
X

9)

Figure 9: p(X9)

Figure 10: p(X9, N
C)

Figure 11: p(Xk
9 , NC, N̂C

k |N
k)

tribution concerns the hybridization of the GMCPHD
algorithm to the VS-IMMC-MHT algorithm in order to
improve the performances, specially for group of closely
spaced objects. Finally, the third contribution concerns
the convoy model by using DBN that proposes an orig-
inal answer to convoy detection process. This has been
tested on several scenarios not presented in the paper.
The next step is now the problem of make a decision
which stays entire.



References
[1] D. Hall and J. Llinas, “An introduction to mul-

tisensor data fusion,” Proceedings of the IEEE,
vol. 85, pp. 6–23, Jan 1997.

[2] A. Corbeil, G. Van Patten, L. Spoldi, B. O’Hern,
and M. Alford, “Data mining of GMTI radar
databases,” Radar, 2006 IEEE Conference on,
pp. 8 pp.–, April 2006.

[3] R. Klemm and M. Mertens, “Tracking of convoys
by airborne STAP radar,” Information Fusion,
2008 11th International Conference on, pp. 1–8,
30 2008-July 3 2008.

[4] W. Koch, “Information fusion apects related to
GMTI convoy tracking,” ICIF, 2002.

[5] C. Kreucher, K. Kastella, and I. Hero, A.O., “Mul-
titarget tracking using the joint multitarget proba-
bility density,” Aerospace and Electronic Systems,
IEEE Transactions on, vol. 41, pp. 1396–1414,
Oct. 2005.

[6] D. Angelova and L. Mihaylova, “Extended Ob-
ject Tracking Using Monte Carlo Methods,” Sig-
nal Processing, IEEE Transactions on, vol. 56,
pp. 825–832, Feb. 2008.

[7] N. T. Gordon, D. J. Salmond, and D. J. Fisher,
“Bayesian target tracking after group pattern dis-
tortion,” vol. 3163, pp. 238–248, SPIE, 1997.

[8] S. Deb, M. Yeddanapudi, K. Pattipati, and Y. Bar-
Shalom, “A generalized S-D assignment algo-
rithm for multisensor-multitarget state estima-
tion,” Aerospace and Electronic Systems, IEEE
Transactions on, vol. 33, pp. 523–538, April 1997.

[9] Y. Bar-Shalom, Multitarget-Multisensor Tracking:
Principle and Techniques. Academic Press, 1995.

[10] R.Mahler, “Detecting, tracking and classifying
group targets: a unified approach,” in SPIE, Sig-
nal Processing, Sensor Fusion and Target Recogni-
tion X, vol. 4380, (Orlando, USA), 2001.

[11] B.-T. Vo, B.-N. Vo, and A. Cantoni, “Perfor-
mance of PHD Based Multi-Target Filters,” Infor-
mation Fusion, 2006 9th International Conference
on, pp. 1–8, July 2006.

[12] R. Mahler, “Multitarget Bayes filtering via first-
order multitarget moments,” IEEE Transactions
on Aerospace and Electronic Systems, vol. 39,
pp. 1152–1178, Oct. 2003.

[13] B.-T. Vo, B.-N. Vo, and A. Cantoni, “Analytic Im-
plementations of the Cardinalized Probability Hy-
pothesis Density Filter,” Signal Processing, IEEE
Transactions on, vol. 55, pp. 3553–3567, July 2007.

[14] M. Ulmke, O. Erdinc, and P. Willet, “Gaussian
Mixture Cardinalized PHD Filter for Ground Mov-
ing Target Tracking,” International Conference on
Information Fusion, 2007.

[15] B. Pannetier, V. Nimier, and M. Rombaut, “Mul-
tiple Ground Target Tracking with a GMTI Sen-
sor,” 9th International Conference on Information
Fusion, 2006.

[16] L. Lin, Y. Bar-Shalom, and T. Kirubarajan, “Data
association combined with the probability hy-
pothesis density filter for multitarget tracking,”
vol. 5428, pp. 464–475, SPIE, 2004.

[17] F. Johansson and G. Falkman, “Implementation
and integration of a Bayesian Network for predic-
tion of tactical intention into a ground target simu-
lator,” Information Fusion, 2006 9th International
Conference on, pp. 1–7, July 2006.

[18] D. Clark, K. Panta, and B.-N. Vo, “The GM-
PHD Filter Multiple Target Tracker,” pp. 1–8,
July 2006.

[19] K. Panta, D. Clark, and B. Vo, “Data Associa-
tion and Track Management for the Gaussian Mix-
ture Probability Hypothesis Density,” Aerospace
and Electronic Systems, IEEE Transactions on, to
appear.

[20] N. Okello and G. Thorns, “Threat assessment us-
ing Bayesian networks,” Information Fusion, 2003.
Proceedings of the Sixth International Conference
of, vol. 2, pp. 1102–1109, 2003.

[21] N. Denis and E. Jones, “Spatio-temporal pattern
detection using dynamic Bayesian networks,” De-
cision and Control, 2003. Proceedings. 42nd IEEE
Conference on, vol. 5, pp. 4533–4538 Vol.5, Dec.
2003.

[22] S. Singh, H. Tu, J. Allanach, J. Areta, P. Willett,
and K. Pattipati, “Modeling threats,” Potentials,
IEEE, vol. 23, pp. 18–21, Aug.-Sept. 2004.

[23] A. Benavoli, B. Ristic, A. Farina, M. Oxenham,
and L. Chisci, “An approach to threat assess-
ment based on evidential networks,” Information
Fusion, 2007 10th International Conference on,
pp. 1–8, July 2007.

[24] F. V. Jensen, S. L. Lauritzen, and K. G. Olesen,
“Bayesian updating in recursive graphical models
by local computation,” Computational Statistics
Quarterly, vol. 4, pp. 269–282, 1990.

[25] K. Murphy, “Bayes net tool-
box.” http://www.cs.ubc.ca/ mur-
phyk/Software/BNT/usage.html, 2002.


