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Taking into account the difficulty of shape estimation for the extended targets, a novel algorithm is proposed by fitting the
B-spline curve. For the single extended target tracking, the multiple frame statistic technique is introduced to construct the
pseudomeasurement sets and the control points are selected to form the B-spline curve. Then the shapes of the extended targets are
extracted under the Bayes framework. Furthermore, the proposed shape estimation algorithm is modified suitably and combined
with the probability hypothesis density (PHD) filter for multiple extended target tracking. Simulations show that the proposed
algorithm has a good performance for shape estimate of any extended targets.

1. Introduction

In the traditional low resolution sensor system, each target
is tracked as a single point source; that is, its extension
is assumed to be neglectable in comparison with sensor
resolution. With the increase of the resolution of modern
radars and other detection equipment, the echo signal of a
target may be distributed in a different range resolution cell;
thus, the measurement is no longer equivalent to a point;
that is, a single target may generate multiple measurements.
Such target is referred to as an extended target in [1-4].
Recently, extended target tracking (ETT) is a hot topic in
the field including the short-range applications or maritime
surveillance, which has drawn a considerable attention [5-9].

In the conventional extended target tracking, the mea-
surements are modeled as a spatial distribution model in [1],
and two examples—a point target with more measurement
sources and an object with infinitely thin stick—are used
to prove the effectiveness of the approach. Poisson process
with a spatially dependent rate parameter is introduced in
[2], assuming that each target produces measurements with
Poisson distributed random number. It is considered that
in this measurement model, the target is sufficiently far
away from the sensor, and the measurements resemble a
point cluster rather than a geometric structure [7]. Random
matrix (RM) is proposed in [8], which has been used
to track elliptical target extension [9]. Another method is
random hypersurface model (RHM) [3] which is employed

for modeling the target extent. However, these methods can
only effectively achieve the shape estimate for the target with
similar ellipse shape. They cannot effectively estimate the
irregular shape of the extended target. In [4], star-convex
target extension estimation method is proposed based on
RHM under the condition that a measurement source is
assumed to be an element of a randomly scaled version of the
shape boundary. Moreover, the one-dimension probability
density needs to be specified in advance in star-convex shape
estimation and it is assumed to be independent of the shape.

To solve the aforementioned problem, a novel shape
estimation algorithm based on the B-spline curve fitting is
proposed in this paper, and then the proposed shape esti-
mation method is integrated into the framework of extended
target probability hypothesis density (ET-PHD) filter for
multiple extended target tracking [5, 6]. Simulations show
that the proposed algorithm has a good performance for
shape estimate of any extended targets.

2. Backgrounds

2.1. Kalman Filter. Assume the state equation and the mea-
surement equation of a single target in two-dimensional
plane are given by

Xiey1 = ka + ka (].)

Vi = ka + Vies (2)
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where x; and y, are the state vector and the observation
vector at time k, respectively. F and H are the transition
matrix and the measurement matrix, respectively. wy and
v, are the process noise and the observation noise and are
uncorrelated Gaussian white noise vectors with covariance
matrixes Q, and Ry, respectively.

Suppose that x; ), and the covariance Py are optimal
estimations at time k in the fusion center; then, the recursive
steps of the Kalman Filter (KF) at time k + 1 are as follows
[10].

(1) Prediction of state and covariance:
Xper1k = FXppier (3)
T T
Pk+1|k = Fpk|kF +GQkG . (4)

(2) Calculating gain:

T -1
Kk+1 :Pk+1|kH [Sk+1|k] >

(5)
Seeifk = HPioH' + Ry,
(3) Update of state and covariance:
Xerert = X T Kierr Der = HXgpe) » (6)
Perpert = I = Kigr H] Py (7)

2.2. The B-Spline Curve. Assume that readers are familiar
with the concepts of B-spline curves. A smooth subsection
curve can be obtained by fitting the control point set. The B-
spline curve of order / can be described as [11]

S(t) = Y- Ny (), (8)

i=1

where y; in Uy, = [y, s .. . )" is a control point and N, N, ()
is the B-spline basis function, which is defined over a knot
vector T' = {¢,...,t,,;}. The basis function can be recursively
defined as [11, 12]

t—t, t—t
N () = ———N;;_, () + ————N;yy ., (1),
iv-1 — L i~ Ly
. )
1, ift;<t<t,,

0, otherwise.

N, (t) = {
When [ = 3, we can obtain that

(t-t)°
(tir = 1) (tisa = 1) teltvtin)
(=) (o)
(tis _(ti) (tis2 )_(ti+1) )
N,',3 t) = 3 t—t;q) (s —t
+(tz+2 1+1)( i+3 t,+1)’ He [tiﬂ)tiﬂ)
(tis — 1)
(tias = ti1) (tis = tir2)
0, otherwise.
‘ (10)

te [ti+2’ ti+3)
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3. Single Extended Target Shape Estimation

In this section, the Bayesian filter framework is introduced for
single extended target state and shape estimates. Assume the
state equation and the measurement equation are the same as
(1) and (2). We define x; as the center of the extended target
and X as the control matrix including the shape information.
They are not related to each other. Thus we can estimate them
with two parallel KFs, which can modify them by recursion
update. And the detailed steps of the proposed algorithm are
described as follows.

Step I. Attime k = 0, initialize parameters x¢,o, Py|9, X¢j9> and
A oj0» where Pyy and Ay denote the state covariance and the
shape covariance, respectively.

Step 2. When k > 1, implement the KF for state estimate:

(2.1) prediction of the state and covariance according to (3)
and (4), respectively;

(2.2) update of the state by the latest measurement set Y, ;:

[Yieys
Xirifksk = X1 T Kig <|Y | 2 Z Yieri = ka+1|k>
k+1
(1)

where Y;,; = {yi,1:}iz1,. and [Yi,,| denotes the number
of the measurements at time k + 1. y;,,; denotes the ith
measurement in Y}, ;. The covariance Py, can be updated
by (7).

Step 3. Construct a new pseudomeasurement set Z;, ;.

Y,
| k+1|) and

(3-1) Let Yk+1 = {yk+1z ka+1|k | Yi+1,i € Yk+1}
then add Yy, to the pseudomeasurement set Z, that

i8, Zyyy = Zg U ¥y

(3.2) Set m as the largest number of pseudomeasurements.
If |Z,,,| < m, then let the new pseudomeasurement
set Z,,, = Z,,,. Otherwise, delete the |Z,,,| -
foregoing measurements from Z,,, and then let
Zyp1 = Zyqr-

Step 4. Update the shape of the extended target by the
pseudomeasurement set Z;, ;.

(4.1) Divide the interval [0, 277] into n equal angles, and
generate a fixed angle set N = {6;}\_,. Then partition the
pseudomeasurement set by the angles, and define Dy, ; as
the measurement set in the area of the ith partition. That is,

Dy = {zk+1,j ldp, (Zk+1,j) <d, C (zk+1,j) = ture} ,

o)
|1z, + Bl |

dL (Zk+1,])
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true, L,: Alzlg)l’]. + A2Z1(<2+)1,j >0,
0; € (0, 7]
_ T . 1) 2
C(zp0rj) = or Li: Az + Azl <0,
0; € [m,2m)
false, otherwise,
(12)

where d is the width of partition. 2y, ; € Z,, 24y =

(1) (2 (1) (2)
[Zk+1,j’zk+1,j]’ Zk+1,j’ and Zk+1,

y-coordinate at time k+1. L; denotes a line through the origin
of coordinate and along the ith partition angle direction.
dp,(zy,1,j) denotes the perpendicular distance between z.,; ;
and line L;. The parameters B, and B, of line L; satisfy
B,/B, = —tan(6,). L; denotes a line through the origin of
coordinate, and it is perpendicular to line L;. The parameters
A, and A, of line L, satisfy A,/A, = tan(6,). Figure 1 shows
the ith angle partition and the measurements in the area
enclosed by points Ol, O2, O3, and O4 which constitute the
measurement set Dy, ;.

(4.2) Calculate E(||Dyll Li) which is the expectation of

the perpendicular distance between the elements of Dy, ;

and line L;. Then the radial extension distance p; +1,; can be
obtained by

j denote the position of x- and

Dy, il (6] @
aal ||Alzk+1,j + A2zk+1,j

1
2
| Dkl J:Zl VA2 + A2

In this paper, we set the p,,; as the control point of
the extended target shape parameter and define X, =

Pr+1,i = (13)

[{ pk’,-}:':l]T as the control matrix of the shape, which includes
the shape information.

(4.3) Shape estimation by implementing the one-
dimension (1-D) KF: assume the shape control matrix X
and the shape covariance A, have been obtained. Then the
recursion steps of shape estimates are as follows.

Prediction:
Xierrike = X
o (14)
A =D +H ||Rk+1|l’
where H = [1,1,...,1]" and R, denotes the measurement
n
noise covariance.
Update:
Kiertks1 = Xge1je + (Xklk — Ky - 2E ("Dk+1,i”))>
~ —T
Ak+1|k+1 = (I - Kk+1H )Ak+1|k’ (15)

8k+1|k,i

n
K., = di — s ,
ko 8 ( { 5k+1|k,i T Vi1 },-_1)

where the shape covariance Ay, jp1 = [Oprril- Vi
denotes the measurement noise.

Y L;:Bx+Byy=0
03.

<04

m Measurement

FIGURE 1: Angle interval partition.

Step 5. Shape estimation according to Xj,;,; and the B-
spline curve fitting technique.

(5.1) Map the control points to the Cartesian coordinates
by

Uk = {P‘i}?ﬂ = ka+1|k+l’

R - [cos 6,),...,cos(8,) (16)

sin (6;),...,sin(6,) |,

(5.2) Produce a closed control point set by adding the
element y,, 4,, p5 to the end of the Uy, ;, and describe
itasU,,, = {‘ui}’?j. Then the closed cubic B-spline
curve can be obtained by

n+3

HOED YA HOR (17)
i=1

4. Multiple Extended Target Shape Estimation

4.1. Multiple Extended Target PHD Filter. The standard
PHD filter for single measurement target tracking has been
described in [13-15]; however, it is not suitable for METT.
Recently, Mahler has derived a correct equation for extended
target PHD (ET-PHD) filter based on the Poisson multitarget
measurement model [5]. The Gaussian mixture implement of
the multiple extended target PHD filter is presented in [6] and
referred to as ET-GM-PHD filter. The detailed filter process
of ET-GM-PHD can refer to [6, 16, 17].

4.2. Multiple Extended Target Tracking Algorithm. In this
section, we combine the proposed shape estimation algo-
rithm into the framework of ET-GM-PHD filter, which can
effectively achieve the multiple extended target tracking with
different shape estimation. We refer to this algorithm as
Shape-ET-GM-PHD, and its steps are as follows.



(1) Prediction. Assume that the state vector x and its shape
vector X are independent, and the survival and detection
probabilities are independent of them; that is, pg;(x, X) =
ps and ppi(x,X) = pp. Assume that v;,_,(x, X) denotes
the joint posterior PHD function at time k — 1 and is
approximated by the Gaussian mixture distributions. Then
the predicted PHD function vy, (x, X) can be described as

Vi1 (26, X)

= pS JJ pk|k—1 (X,X I x’, X’) Vk—1|k—1 (x, X) dxldX’

=DPs ” Prik-1 (x | xl’X,)pklk—l (X | X’)

X Vk71|k71 (x, X) dx’dX’

Tkik-1

~ () ()

= Ps Y Wy JN (capr T B s
=

+6k—1|k—lf) Prik-1 (x | x',X’) dx’'

: J‘I’(Xk—uk—l | Xk—llk—l’Ak—llk—l)pklk—l(x | X,)d)d
(18)

where
() () — 7
JN (xk,”k,l L e Pl kallkfll)

X Pkjk-1 (x | x',X’)dx'

_ @) () — =
=N (xklk—l | M1 P + Uklk—ll)’

J"P(Xk—llk—l | Xk—llk—l’Ak—llk—l)pMk_] (X | X’)dx’
Num
= [T (6 1 X0 800),
i=1 .
T = diag[1,1,0,0],and 7;_y;,_; denotes the mean of the shape

() O/
j-1k—1> Prik-1 =

Fy ,HPIEf )1 |k—1FkT| 11 Qxjk—1- Num denotes the divided number

. 7 _
standard variance, One has m;y, | = Fy_,m

of the shape area according to the degree of angle. )Afl(jllz)_l =
(i) (i) ()
Xk and Aklk—l = Ak—llk—l + Qp denote the control

matrix of shape and its predicted covariance, and Qj, denotes

the shape process noise covariance. )~<1(<]|k1)4 and A(Ifl’,?fl can
T

. i) ~(jii) Num (j:)

also be described as Xk]“é_l = [{pk{k’_l}i:1 ] and Akjlllc—l =
() Num_ T . (i) .

[{crkll’cfl}i:1 ] ,'where the definition of ik 18 the same as

that of (13). cr,(({ ,21 denotes the predicted variance of the shape.

(2) Update. The updated formula of the intensity function can
be described as

Vklk (x, X) = LZk (x, X) Vklk—l (.x, X) > (20)
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where vy (x, X) denotes an intensity function of the state
x with shape information X and L (x,X) denotes the
pseudolikelihood function. Z, denotes the measurement set
at time k. When Z, = 0,

Ly (6X)21-pp(6X)+e “Yp,(6,X); (@)
otherwise,

Ly (6,X)21-(1-e") pp(x, X) + ¥ pp, (x, X)

a4l
y Z 0 Z r(x;jX)W Hqsz (x,X)’

P/Z, WeP W ozew Mk

(22)

where P/Z, denotes a partition subset P of the measurement
set Z;, W denotes a subset of a partition P, and Uy,cpW =
Zy. ¢,(x,X) denotes the measurement likelihood function
of one measurement originating from an extended target x,
r(x, X) is the measurement expectation, and py(x, X) = pp,
denotes the detection probability of the sensor. Clutter has
a Poisson distribution, and its density can be described as
Brax = ArG(zi)s Ay denotes the mean number of clutter
measurements, and ¢.(z;) is the space distribution of the
clutter. Consider

HWGPdW

Wp = ———
Zp’zzk [Twepdw’

(23)

¢, ]
zEWﬁFA,k

dy = O + Vigk-1 [errlwlPd [T+

where §; ; denotes the Kronecker delta function and r =
r(x, X). Bra denotes the clutter distribution of the measure-
ment space.

In the following subsections, assume that the current
estimated PHD v, (x, X) can be approximated as a Gaussian
mixture distribution. The corrected PHD can be described as

Vklk (x, X) = Vllc\|r]1<) (X, X) + Z Z Vﬁk (x; X) W) > (24)
peEZWep

where VkNII? (x,X) denotes the PHD of the targets without
detecting cases, and it can be described as

Tiik-1
ND _ 6] @D pH , =N 7
Vige (%, X) = Z Wip kN (xklk | Mg Py + UkaI)
=

(25)
T (@) | %00 AGD)
i ()t It
X HN(Xka | Xk ’Aklk)’
i=1
(H _ () G _ pl) Go)  _ AGHD
where my, = myg , Py = By B = Ay and
)“(’(j)i) _ X‘(jﬁ

klk klk-1°
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vﬁ (%, X, W) denotes the PHD of the detected target cases
and can be described as

-1
D () pl)
Vigie (6 X, W) = szqk (xk| Mg P + klkf)
(26)
Num =G )
Jl ]1
XH ( | Xipe» A klk)
i=1
where
G _ () (@]
Kk = mklk 1t Kk( - Hmy, 1)
k Z 2y
“ o
() ()
Pklk (I—KkH) Pklk D
W g0 10
Sk Pklk g [0 0]@1
() T -1
Ky =Py H (S)
G 1 NE G
—(j jii
o o,
Kk = Num & Klk
VNG N
G _ Wp —y(”( y ) (W), ()
w,” = —e — pPpLy >
K D Wik
dW ﬁFA,k -1
w. = HWGde
ZP’[Z’ HW’ep’dW’
Ttk G\
o1 Y ew) (e
dw = 6|W|,1 + Ze 4 <_> PDL )wl(dl)( B
=1 ﬁFA,k
GwW) _ T Gw)
W) _ T 70w
L™ =TT,
i=1
=W\ IW?1/Num
B (1) A
k - —(:wis 1/Num
(j,Wii) @] _
a- (LP™) 7, | ’|_o,
FUMW) _ L L G w2
Ly = 5= eXp( 520 (Pk+1|k 7))
O k-1 klk—1
(27)

where « denotes the penalty coeflicient. The shape parameters
can be obtained by

(i) _ (jii
Ak = (INum )Aklk e
i) _ 70) w) (j»i)
X = X + K, (X Xklk—l)’
1 (28)

K INumA k|k 1 (INumgk)_ >

_ Ry 0
Sk = Yum (Hpklk H + W) Al

where Iy, denotes the identity matrix with Num order.
R, denotes the measurement noise of a measurement
source. Yy, (P) denotes the decomposed function which can

decompose the matrix P as a set with Num variances. )? W) —

[{ ~(W’)} 0 ] denotes the pseudocontrol point matrix which
is used to update the control point matrix X1(<J|k , where ﬁw’)

can be obtained by

W(z>| 2 \/z a) (z-20) [wol#o

zew®
0, [w®| =0,
(29)

F

where IW(i)I denotes the measurement number of ith angle
direction in cell W.

Notice that the D-distance partition method [17] is
implemented in the part of measurement partition. Set the
maximum distance as the mean size of the shape, and it can
be obtained by

Ji-1jk-1 Num , ~(ji)
_ Zj=1 k 1|k L Zic 2P k-1
Pk,max = N T ko1 (]) (30)
um - Z Wi 11k-1

Finally, shapes of multiple extended targets are extracted
according to X;,, and the B-spline curve fitting technique
described in Section 2.2.

5. Simulations

Assume that there is an extended target making a uniform
motion in a two-dimensional simulation scenario, and the
state equation and the measurement equation are the same
as (1) and (2), respectively, where x;. = [x,v,, ¥, vy]Tdenotes
the target state, which contains position and velocity infor-

1100
mation. The state transition matrix F = [86??] and
0001
10717
measurement matrix H = [8?] . The process noise
00
covariance Q, = dlag[ Y ]with Oyl = O, w2 = 1, and
the measurement noise covariance R, = dlag[ op 52] with

0, = 0,, = L The initial covariance P, = diag[5,1,5,1]
and the shape noise covariance is Aoy = [L 1,..., 1]7. The

n

other parameters X = {(27/n)- i}, n = 20,d = 1.5,
and m = 45. The way to generate measurements is the
same as that of the RM method. The real measurement is
assumed as the scattering center, that is, a measurement
source. The observation measurements are generated from
the scattering center with measurement noises. Notice that
the measurement noise is assumed to be small compared to
the target extent.

Example 1 (star-shaped extended target). Figure 2 shows
the shape estimation by the proposed algorithm and the
RM method [9], respectively. It is clear that the proposed
algorithm has a higher accuracy than that of the RM method.
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FIGURE 2: Shape estimation by the proposed algorithm and the RM
method.

The reason is that the RM method can only estimate the
elliptical shape of the target.

Figure 3 shows the measurements of the extended target
from the 1st frame to the 20th frame. As can be seen, the
measurement noise is big which makes the shape hard to
be estimated from the single frame. However, the proposed
algorithm can extract the accurate shape by multiple frame
statistic technique and the B-spline curve fitting. It is shown
that the proposed algorithm has a good capacity of resisting
disturbance of the noise.

Figure 4 shows the average shape estimate. It is clear
that the proposed algorithm can obtain the shape features
effectively.

Example 2 (Y-shaped extended target). Figure 5 shows the
shape estimation by the proposed algorithm and the RM
method, respectively. Figure 6 shows the measurements of
the extended target from the Ist to the 20th frames. Figure 7
shows the average shape estimate. As can be seen, the
proposed algorithm has a better performance for shape
estimate of irregular extended targets.

Example 3 (multiple extended target tracking). The scenario
of multiple extended target tracking is the same as that
of [17]. There are four targets and two of them cross at
time k = 56, and one target is spawned at time k =
66. Assume that the measurement noise covariance and
the process noise covariance are R, = diag[0.7,0.7] and
Q, = diag[1,1], respectively. Shape noise covariance is
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FIGURE 3: The real measurements of the extended target (1~20
frames).

Q, = [0.05,0.05,...,
Num
probabilities of target survival and detection are pg = 0.99

and pp = 0.99, respectively. The birth process is modeled on
a Poisson RFS with Gaussian mixture intensity:

0.05], Num = 12, and w = 0.01. The

2
D, (x,X) = Zwéj)N(x | ml(aj),PlfJ) +5J)
=1
(31)

Num . Ry P
TN (X0 1709, a0),
i=1
where mb = [250 m, 250 m, 0 m/s 0m/s]”, = [-250 m,
~250m,0m/s,0m/s]”, P = = dlag[IOO, 100, 15, 15],

:)( (2) X(l 1) _ ‘;‘((I,Num) _ ‘>“((2,1) _ _
a‘n(;le) “ (?1)1 (_le) _(zg T

,Num) _ ,Num) _ y
X = 5, Ab .= Ab = Ab

b

APN = 1,

The intensity of the spawned targets is vg(x)

0.05N(x | &Qp) x HNumN(X | & Ap), where Q4
diag[lOO, 100, 400 400] and Aﬁ =[1,1,...,1].
Num

Figure 8(a) shows the tracking results of the targets in the
whole tracking area, and Figures 8(b), 8(c), and 8(d) show the
shape estimates of different targets in special tracking area. As
can be seen from Figure 8(b), the shapes of Targets 1 and 2 are
assumed as ellipses; although they are not accurate, they can
be updated approximately to the real shapes of the targets at
several time points. The reason is that the shape parameters in
the proposed shape estimate method are updated at each time
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FIGURE 5: Shape estimation by the proposed algorithm and the RM
method.

when the latest measurements arrive. Moreover, the Gaussian
mixture technique is employed, which can approximately
fit the real shape distribution of the extended target. In
Figure 8(c), we can see that the shape estimates are not
accurate when the targets cross each other, but they can
also be updated approximately to the real target shapes.
Figure 8(d) shows the shape estimate of a spawned target;
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FIGURE 6: The real measurements of the extended target (1~20
frames).
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FIGURE 7: Average shape estimate.

it is showed that the proposed algorithm also has a good
performance for shape estimate of the spawned target.
Figure 9 shows the number estimates and Figure 10 shows
the accuracy statistic by the OSPA distance [18]. Notice that
OSPA distance sharply increases at 56th and 66th seconds.
The reason is that the targets make a cross with each other at
56th second and a spawned target appears. Generally, we can
see that the proposed algorithm has a good performance for
multiple extended target tracking with shape estimates.
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6. Conclusions

In this paper, a novel shape estimation algorithm is pro-
posed based on the B-spline curve fitting. The multiple
frame statistic technique is introduced to construct the
pseudomeasurement sets. The selected control points are
used to form the B-spline curve, and then the curve yields the
shapes of the extended targets. Moreover, the proposed shape
estimation algorithm is modified suitably and combined with
the probability hypothesis density (PHD) filter for multiple
extended target tracking. Simulations show that the proposed
algorithm has a good performance for shape estimates of
extended targets.
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