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ABSTRACT  

Monitoring a warhead between two objects separated from a reentry vehicle in a clear 
environment has recently become an important issue. However, clutter, caused by the sea, land, clouds, 
and weather, are unavoidable and degrade tracking performance. The Hough transform is an effective 
means of identifying a straight line in a noisy environment. This study presents a novel tracking filter 
that integrates a target acquisition algorithm and an accurate identification method for identifying a 
non-maneuvering warhead among more than two objects separated from a reentry vehicle in a 
cluttered environment. The target acquisition algorithm, based on the Hough transform, selects two 
candidates from detected objects and clutter. The identification method, comprising an extended 
Kalman filter with input estimation and modified probabilistic data association filter, provides a good 
tracking capability for a warhead from two candidates selected by the target acquisition algorithm. 
Simulation results reveal that estimation errors of warhead trajectory are reduced to a small interval 
within a short time. Therefore, radar can track a warhead all the time from one search. We conclude 
that this algorithm is worthy of further study and application. 
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於雜波環境下鑑識分裂自重返載具之無操縱性彈頭法則 

劉正瑜*  宋馭民 

黎明技術學院電子系 

摘    要 

在無雜波環境下，追蹤重返載具分裂為彈頭與彈體中之彈頭，是為相當重要之議題。然由

海、陸地、氣候及其他因素所引起之雜波，會降低雷達之追蹤彈頭性能。Hough 轉換為於雜訊

環境下，偵測直線之ㄧ有效方法。另由於技術之增進，重返載具已能同時分裂為超過兩個以上

之物體，基此二因素，本論文旨在發展一以 Hough 轉換為基礎之目標鑑識法則，並結合擴展性

Kalman 濾波器與輸入估測，期能於雜訊環境下及多個分裂物體中，準確辨識無操縱性之彈頭，

以維持雷達之穩定追蹤。此一鑑識法則將自含雜波在內之物體中，選擇兩個可能為彈頭之物體，

送入修正之機率數據結合濾波器，應用擴展性 Kalman 濾波器與輸入估測，獲得彈頭之預估狀

態，以供相列雷達產生波束鎖定彈頭。由模擬證明，低彈頭預估誤差，可保證雷達鎖定無誤。

此一結果顯示本法則值得加以持續研究與應用。 

關鍵詞：重返載具，輸入估測，Hough 轉換，修正之機率數據結合濾波器 
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I. INTRODUCTION 

    Separating a reentry vehicle (RV) into 
several objects, including the warhead, main 
body and debris during the reentry phase, is an 
effective way of confusing radar by inducing 
many measurement sets. The body or debris is 
then tracked and intercepted first, since its radar 
cross section is inevitably larger than that of a 
warhead. Tracking a warhead, which is the most 
significant part of RV, becomes difficult when 
the traditional tracking algorithm is employed. 
Furthermore, clutter is unpredictable and 
unavoidable in radar tracking, and causes radar 
to randomly receive numerous echoes in one 
scan, thereby complicating the warhead 
identification problem. Seldom unclassified 
papers and tracking algorithms were dealing 
with this problem under cluttered environments 
for radar design. Two issues, estimation of 
warhead trajectory and origination of 
measurements, are resolved to solve this 
problem. On-line precision trajectory estimation 
approach and data association technique are 
required. This is the major concern for this 
paper. 
    Clutter is unwanted signal echoes from the 
sea, land, clouds, or weather. Numerous 
researchers have endeavored to study methods 
of clutter suppression by utilizing Doppler shift 
and moving target indicator addressed in 
hardware design [1]. Although effective, these 
approaches are extremely costly. Phased array 
radar has been a focus of design efforts during 
past two decades. Certain signal processing 
functions are accomplished via digital computers. 
Algorithm development then became the 
primary task in achieving desired tracking 
performance in cluttered environments. The 
Hough transform (HT) was designed for 
identifying straight lines in noisy environments 
and was applied to the tracking problems [2] and 
air traffic control [3]. If a warhead does not alter 
its trajectory after separation, then it generally 
follows the original trajectory closely. However, 
the vehicle body and debris deviate from the 
initial trajectory and clutter appears at random 
locations and in random directions. Thus, the HT 
is useful for identifying a non-maneuvering 
warhead by analyzing its straight fly path 
formed by the trajectories estimated at previous 
times and measured at present. 

    On-line estimation of RV or warhead 
trajectory is limited mainly with respect to 
model validation, due to model error between 
the mathematical model and the physical system. 
Model error generally results from simplifying 
assumptions, maneuvering and unpredictable 
external forces during flight or from parameter 
uncertainty. The extended Kalman filter (EKF) 
is a well-known state estimation scheme, but 
fails to rapidly achieve the required accuracy. 
Lee and Liu created a filter combining the EKF 
with input estimation to deal with model 
validation problems, and generated an accurate 
trajectory estimation approach for RVs in clear 
environments [4] and was widely applied [5,6]. 
    Bar-Shalom designed the probabilistic data 
association filter for tracking a single target in 
cluttered environments [7,8,9,10]. A modified 
probabilistic data association filter (MPDAF) 
associating with the EKF and input estimation 
was developed for identifying warhead between 
two objects split from an RV in a clear 
environment [11]. This algorithm makes the 
warhead tracking under a complicated situation 
in which many objects and clutter are involved 
to be possible. 
    This study presents a novel and simple 
tracking algorithm to deal with issues this paper 
concerns. The proposed method comprises a 
target acquisition algorithm based on the Hough 
transform, EKF with input estimation, and 
MPDAF and enables radar to keep tracking the 
warhead following separation. The target 
acquisition algorithm is designed for selecting 
two candidates from measured objects and 
clutter. The EKF with input estimation provides 
accurate updated states for two candidates. The 
combined updated state is obtained by the 
developed MPDAF. Small errors between the 
combined state and warhead trajectory guarantee 
the warhead to be track well. Simulation results 
reveal that it is helpful to radar design. 
    The remainder of this paper is organized as 
follows. Section 2 presents a detailed problem 
statement that elucidates the problem, and 
formulates dynamic equations for all objects and 
clutter. Section 3 describes the target acquisition 
algorithm. Section 4 outlines the EKF algorithm 
with input estimation. Section 5 presents the 
MPDAF and detailed steps of the proposed 
algorithm to estimate and predict the warhead 
trajectory for tracking purposes. Section 6 
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summarizes simulation results of the proposed 
filter. Finally, conclusions are given in Section 7.     )(tan
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II. DYNAMIC EQUATIONS 
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    Define the radar Cartesian coordinate 
system to be centered at the radar site OR with 
three axes downrange XR, offrange YR, and 
altitude ZR. Figure 1 shows a vehicle in the 
reentry phase over a flat and non-rotating earth. 
Assume the RV is a point mass with constant 
weight following a ballistic trajectory in which 
two significant forces, drag and gravity, that act 
on the RV. Extra forces are induced by model 
error when assumptions are violated or the RV 
undertakes a maneuver. The RV trajectory model 
can be written as [4] 

v
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 is the total velocity of the RV, , , and 
 express velocity components along , , 

and , respectively; u , , and u  are 
un-modeled accelerations generated by the 
model errors along each axis; , S and W 
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and, weight respectively. 

xv

0

yv

RX

z

RY

RZ x yu

DC

ρ  stands for air 
density and is a function of altitude. The well 
known normal gravity g model is extensively 
used because the RV normally flies over heights 
of several hundred kilometers [12]. 
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Fig. 1. Reentry Vehicle Flight Geometry. 

Let the state vector be 
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The nonlinear state equation can be written as 
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with position initial conditions , , 
 and velocity initial conditions v , 

, and  in ,  and , 
respectively. In this model, C denotes the 
ballistic coefficient, 
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WC  ζ  denotes the process noise which is assumed 
to be normally distributed with mean zero and 
variance Q, 03×3 and I3×3 are 3×3 dimensional 
zero and identity matrices. 
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The phased array radar with high resolution 
and precision is used in tracking, and is the only 
instrument in the system for detecting the RV. 
Assume the bias of the radar to be corrected 
before detection. The detected elevation, 
azimuth, and range are transferred into position. 
Since the detected velocity measured from pulse 
Doppler did not meet the accuracy needs, the 
velocity obtained by a specific filter in radar is 
taken as the measurements to improve 
estimation accuracy. If the filter is taken into 
account, a nonlinear measurement equation is 
involved and become too complicated to be 
accomplished. For simplicity and being easily 
implemented, the effects of nonlinearity induced 
by filtering are ignored. The linear measurement 
equation for the RV is then given by [4] 

with position initial conditions , , 
 and velocity initial conditions , 
, and  in ,  and , 

respectively,   denotes the total velocity of 
the i-th object, 
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γ  and 2iγ  express the 
elevation and flight path angles, respectively; 

, , and  are unpredictable input 
accelerations acting on the i-th object. 

xiu yiu ziu

    Let the state vector for the i-th object to be 

[ ] TT
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The nonlinear state equation can be written as 
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         oNi ,,2,1 L=    (11) stt >

where  denotes the measurement noise vector, 
which is assumed to be normally distributed 
with mean zero and variance R. Equations (5) 
and (6) are the dynamic equations for the RV 
during reentry. 

ε
where  iζ  stands for the process noise vector 
applying to the i-th object with variance , iQ

[ ]Tziyixii uuu000=u  
    The radar predicts the target position at the 
next sampling period according to a set of 
measurements, and creates a search pattern to 
illuminate the predicted position to track the 
target. The phased array radar emits radar beams 
to form a certain search pattern centered at the 
predicted target position. Radius of a search 
pattern cross section is usually several times of 
radius of a beam cross section. Once the target 
locates outside the pattern, the radar will 
terminate the tracking procedure. 

The measurement equation for the i-th object is 
then given by 
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where ε ′  expresses the measurement noise 
vector the same as ε  in Eq. (6). 
    Assuming that Nc clutter positions 

 and velocities , i=1, 
2,…, Nc, are measured near the warhead of the 
RV in a search pattern after separation. The 
clutter number, Nc, and location are generally 
assumed to be Poisson and uniformly distributed, 
respectively [3]. 
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chosen from N sets, the radar loosens the 
warhead and tracks clutter, body, or debris. This 
serious problem should be solved to ensure track 
maintenance. To achieve tracking purpose, a 
precise trajectory estimation and an effective 
target acquisition algorithm are required. 
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III. TARGET ACQUISITION 
ALGORITHM 

    The main task of the proposed target 
acquisition algorithm is to select the set of 
warhead measurements from N measurement 
sets. It is too difficult and complicated to 
achieve this. The MPDAF was well defined and 
successfully applied to track the warhead 
between two separation objects. This filter 
provides an useful way to deal with the problem 
of set selection. This section defines an 
algorithm based on the HT to select two 
candidates from N objects after separation. These 
two candidates are sent into the EKF with IE and 
MPDAF to predict warhead states. 
    The HT was developed to identify straight 
lines in a noisy environment. Consider a point 

 in a Cartesian frame. This point can be 
transformed into the ρ-θ plane by following [2] 

),( yx

θθρ sincos yx +=     πθ ≤≤0   (14) 

Various points in a Cartesian frame generate a 
family of curves in the ρ-θ plane. If n points, 

, , …, , lie on a straight 
line, their transform have a common point. This 
feature helps in censoring some objects and 
clutter, whose trajectories deviate from the 
original, before identifying the warhead. 
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    Let the sampling time is small enough such 
that the predicted warhead position can be 
assumed to be a straight line with two previous 
predicted positions after separation. Figure 2 
demonstrates this concept. The measured 
quantities of the i-th objects, ( )1( +nqui
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, 
), and the i-th clutter, ( , 
), in a certain two dimensional plane, 

u-v, at  are taken into account. The 
HT of objects and clutter are given by 
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Fig. 2 Concept of target acquisition algorithm. 

The HT of two updated quantities in u-v plane, 
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If the j-th quantity ( , ) ) is the 
measurement of real track, the j-th equation in 
Eq. (15) shares a common point with Eqs. (17) 
and (18). If ( , ) ) is the 
measurement of real target, the corresponding 
equation in Eq. (16) intersects Eqs. (17) and (18) 
at a point. 
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    Let the common point of Eqs. (17) and (18) 
are located at . It is possible to 
determine that  satisfies one of Eq. (15) 
or (16). For simplicity and tolerating the 
stochastic property of the measured and 
estimated quantities, θ is discretized as 

),( ** θρ
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2
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where θΔ  indicates the step size representing 
the tolerance of θ and θπθ Δ=M . The sets of 

jρ  corresponding to jθ  for Eqs. (15)-(18) are 
then defined. The difference of jρ  under jθ  
for the predicted states is defined as follow 
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estimation and MPDAF for trajectory 
estimation. 
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FILTER WITH INPUT 

ESTIMATION 
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input is absent. The confidence interval can be 
obtained from the cumulative normal 
distribution table for a certain preset confidence 
level α−1 . 
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ides the combined predicted and updated 
states vectors weighted by the probability of 
originating from the target. The probabilities 
with respect to two objects are determined by 
examining the normalized innovations of two 
candidates selected by target acquisition. 

Define the events to be 

=+ )1(1 nθ { )1(* +nZ  is the target-ori1c

measurement} 
ginated 

            (38) 

{ )2c  is the target-originated 
measurement}             (39) 

=+ )1(2 nθ 1(* +nZ

−++ )1(ˆ lklkv
ciX =

)1(ˆ)11(ˆ)1( −++−+−+−+ Δ lklklklk ci
v
ci uX ϕφ

(33) 
                                                

with association proba
measurement

bilities conditioned on all 
s from t=0 to t=(n+1)Δt, 1+nZ , 

})1(Pr{)1( 1
11

++=+ nnn Zθβ        (40) 

=++ )(ˆ lklkv
ciX ()1(ˆ klklk v

ci
v
ci +−++ KX )l+  }1+     (41) )1(Pr{)1( 22 +=+ nnn Zθβ

The association probabilities should satisfy
)]1(ˆ)([ * −++−+× lklklk v

cici XZ   (34)

The Kalman gain becomes 
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pdated state 

++++=++ 1(ˆ)1()11(ˆ
11 nnnnn v

c
v XX β )1  

)11(ˆ)1( 22 +++ nnn v
cXβ   (43) 

The problem then focuses on the determination 
of iβ  by means of )1(1 +ncZ  and )1(2 +ncZ . 
    As previously w head 
trajectory is closer to the original than of the 

* *

 mentioned, ar

body, debris, and clutter. The innovations of the 
warhead are smaller than of other objects if an 
accurate estimation method is adopted. The 
larger association probability should be assigned 
to an object whose innovation is the smaller one 
between two objects. Thus, the association 
probabilities of the i-th object is inversely 
proportional to length of the normalized 
innovation in position and is then defined as [11] 

21

2)1( en =+β                 (44) 1 ee +

21

1
2 )1(

ee
en
+

=+β                 (45) 

where e1and e2 are length of the normalized 
innovati n position. Substituting Eqs. (44) 

antities, 

on i
and (45) into Eq. (43) yields the combined 
updated state of the target in track at t=(n+1)Δt. 
This estimated trajectory should be close to 
warhead trajectory, such that the radar search 
pattern covers the warhead to maintain the track. 
    Figure 3 shows the mechanism of the 
proposed tracking algorithm scheme and the 
detailed steps are illustrated as follows. 

Step 1 Computing ρ(n-1) and ρ(n) from Eqs. (17) 

and (18) based on two qu
))11(ˆ),11(ˆ( −−−− nnqnnq v

v
v
u  and 

))(ˆ),(ˆ( nnqnnq vv  in updated states, vu

)11(ˆ −− nnvX  and )( nnX , 

)1-

ˆ v

respectively. 
Step 2 Discretizing (nρ and )(nρ  as M

wing Δθ and θ j defined in 

Step 3

θ 
intervals follo
Eq. (19). 
 Computing the difference between 

)1-(nρ  a )(nρ , )(njρΔnd , for each 

Step 4 Determ om Eq
interval using Eq. (20). 

ining  fr . (20) by 
inspecting every j

*θ
θ  that relates to 

minimum value of )(njρΔ . 
5 Calculating +nStep )1(*Δ

θ
ρ  and 

Step 6 Forming 

)1(* +niθρ  from Eqs. (21) and (22) 
*θ  for every measurement. 

)1( +

Δ c

under 
Δ nρ , Eq. (23), by 

)(Δ nρ  and )1(* +Δ ncρ . 1+*θ

Step 7 Selecting allest values in 
iθ

two sm
)1( +Δ nρ , )1(* +Δ nρ

)1(* +nZ

1c

)1(* +Δ nρ , and the corresponding 
 1c  and 

2c

 Estimating in state 

 and  

ts

Step 8 put  and 

2c

measureme
)1(* +nZ

n
. 

)1(ˆ +nciu
)11( nnciX  in Eqs. (3  

using )1(* +nZ , 2,1i . 
associate probabilities, 

(1

ˆ +v 0) and (34)

Step 9 Calculating 

+

ci =

+nβ )1( +n)1 2β , f and rom Eqs. (44) 
and (45) and combined updated state 

)1+n  4). 
 Letting n+1:=n+2 and returning to Step 

1(ˆ +nvX in Eq. (4 

Initial 
Conditions 

Radar 
detection 

EKF with 
input 

EKF without 
input  

Input 
estimator 

Hypothesis 
testing 

+

- 

Target 
acquisition v

c2X̂  

v
c1X̂  c

iZ  

Delay 

jZ  

*
1cZ

*
2cZ  

MPDAF
vX̂

Switch 

Fig. 3 Mechanism of the proposed tracking algorithm 
scheme. 

Step 10
1. 

VI. SIMULATION ANALYSIS 

   m 
com e 

 The proposed tracking algorith
prising the target acquisition algorithm, th

EKF with input estimation and the MPDAF is 
assessed by simulation in this section. To show 
the importance of an accurate trajectory 
estimation method, simulation results for the 
proposed algorithm, Method I, are compared 
with those of obtained with the original EKF, 
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 along with four 

Method II. Performance is evaluated by 
inspecting the association probabilities for two 
selected objects and estimation error. The 
association probability assigned to the warhead 
should be greater than that assigned to another 
object that means the estimated warhead 
trajectory approaches to the true warhead 
trajectory. Estimation error with respect to (w.r.t.) 
the warhead, which is the difference between the 
estimated and the true warhead trajectories, 
should be low during tracking, thereby ensuring 
that the tracked target is a warhead but other 
objects. A high association probability and low 
estimation error relating for a warhead guarantee 
that the radar is tracking well. 
    The warhead, body, and debris trajectories 
are generated by Eqs. (7)-(9)
pieces of clutter, which are uniformly distributed 
within the same search pattern. The 
measurement noises are from the normal 
distributions. The number of clutter within a 
search pattern is normally Poisson distributed 
with the average number which is typically 
lower than 3 for filter analysis [9]. To 
demonstrate the tracking performance of the 
proposed method, the worst case with four 
pieces of clutter at each search in entire 
simulation is considered. Clutter position is 
generated within a search pattern centered on 
warhead location and radius 

)sin()(6 bwtb tRr θ=         (46) 

where is the slant e t he )(tRt rang o t warhead at 
time t and bwθ  is the beamwidth of the radar 
beam. For the radar being considered in the 
system, the b mwidth is bwea θ =1.2°. Two cases, 
non-maneuvering and maneuvering RV, with 50 
Monte Carlo runs for eac are considered as 
follows. 
    Consider an RV in the reentry phase with 

2500C =

h 

 and initial values of 2/ mkg
mx 300)0( = , my 300)0( = , mz 30500)0( = , 

/ , ογ 65)0( = , and 
, 

es ballistic 
 2

1 /2000 mkgC = , 
2

2 /3000 mkgC =  2/3500 mkgC = , and 
4000kgC = . 

t ns and 

 warhead, body, and debris, 
respectively. The RV body and two pieces of 
debris fall faster than the warhead. Figures 
10-12 show four pieces of clutter locations in 
three axes spread around the warhead within rb. 
The measured velocity in the XR-YR plane is 
considered for the Hough transform. The step 
size, 

sec1500)0( mv =
ογ 15)0(2 = . The R

body, and two p
coefficients

2
4 / m

1

V
iec of de

3

, respectively

 separates into the warhead
ris with 

, at ts=13 seconds

b

Figures 4-9 presen the measured positio

velocities of the

θΔ , relates the tolerance of finding *θ  
and )1( +Δ nρ . In this section, let o5=Δθ . Let 
the confidence level 1-α to be 95% that is the 
confidence interval [-tst, tst]=[-1.96  The 
values of R and Q were taken I6×6 both and the 
initial conditions of V(0) and 

, 1.96].

)00(vP  were 
500I6×6 both. The first measurement, Z(0) is 
taken as the initial state vector, ) .The 

sampling period of the radar is set to Δt=0.25 
seconds. 

    Figure 13 displays the association 
probabilit

00(ˆ vX

ead andies assigned to the warh  

300 5 10 15 20 25 35
0

0.5

1

1.5

2

2.5

3

3.5

4

debris

Time(sec)

M
ea

su
re

d 
po

sit
io

n 
in

 d
ow

nr
an

ge
 (k

m
) warhead

body

Fig. 4 Measured positions in XR for the warhead, body 
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Fig. 5 Measured position in YR for the warhead, 
body and debris. 
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=5G at  t=5 ∼ 7 seconds and 
u =-5

another object by Method I. The association 
probability assigned to the warhead reaches 
almost 1 in 7 seconds after separation that means 
the effects to the trajectory estimation by body, 
debris, or clutter, are reduced to almost zero. 
Figures 14 and 15 depict the estimation errors in 
position and velocity, respectively. Position 
estimation errors are lower than 20m and 
velocity estimation errors are within (20m/sec, 
-10m/sec). These results indicate that the 
warhead is tracked well. Figure 16 presents the 
association probability generated by Method II. 
The association probability assigned to the 
warhead gradually approaches to zero that the 
warhead is lost. Spikes in this figure indicate 
that clutter is involved and degrades the 
estimation. The estimation errors in position and 
velocity, Figs. 17 and 18, are also considerably 
larger than those obtained by Method I. Clearly, 
Method I is superior to Method II and tracks the 
warhead well. 

Consider an RV to undertake a series of 
maneuver, ux=u
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Fig. 8 Measured velocities in YR for the warhead, 
body and debris. 
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Fig. 9 Measured velocities in ZR for the warhead, 
body and debris. 
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Fig. 6 Measured positions in ZR for the warhead,
body and debris. 

0 5 10 15 20 25 30 35
-2

0

2

4

6

8

10

Time (sec)

Lo
ca

tio
ns

 o
f c

lu
tte

rs
 in

 d
ow

nr
an

ge
 (k

m
)

Fig. 10 Location of clutter in downrange. 
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Fig. 7 Measured velocities in XR for the warhead, 
body and debris. 

y

z G at  t=7 ∼ 9 seconds, before separation. 
Figure 19 illustrates the assigned association 
probabilities assigned to the warhead and 
another object by Method I which is similar with 
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rs of echo of the warhead, body, 
debri

 

those obtained in non-maneuvering case. It 
ensures that the warhead will be tracked well 
after separation. The estimation error norms 
induced by Method I, Fig. 20, still keep lower 
than 30m in position and  30m/sec in velocity. 
Figure 21 demonstrates the assigned associate 
probabilities offered by Method II which has a 
slight difference as comparing with those 
obtained in non-maneuvering case. Figure 22 
displays the estimation error norms which are 
much greater than those generated by Method I 
and make the radar to track another object but 
the warhead. 

In non-maneuvering and maneuvering 
cases, numbe

s, and clutter being selected to be 
candidates by means of the target acquisition 
algorithm are given in Table 1. Method I 
provides a good clutter suppression performance 
that no clutter was chosen and body was totally 
rejected from tracking file in 8 seconds after 
separation for both cases. Nevertheless, several 
pieces of clutter and debris were selected by 

Method II that cause the warhead to be dropped 
in 4 seconds after splitting. 
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Fig. 13 Association probabilities assigned by 
Method I. 
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Fig. 14 Position estimation error Method I w.r.t. 
warhead. 
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VII.  CONCLUSIONS 

    Th od for 
tracking a non-maneuvering warhead among 

is study presents an accurate meth

objects separated from an RV in cluttered 

environments. The proposed method composed 
of the novel target acquisition algorithm based 
on the HT, EKF with IE and MPDAF. The target 
acquisition algorithm chooses two candidates 
from detected objects and clutter. The EKF 
associated with input estimation resolves the 
model error problem and accurately estimates 
the trajectories of the RV and objects. The 
MPDAF predicts warhead trajectory using 
estimated trajectories of two candidates. The 
loop involving estimation and identification 
effectively tracks the warhead. Simulation 
results are used to assess the performance of the 
proposed algorithm by examining association 
probability and estimation errors to ensure good 
tracking performance. However, improving the 
algorithm for reducing the search pattern in 
order to save the radar resource is an important 
issue for future study. Although the maneuvering 
warhead is seldom mentioned, its tracking is still 
a big problem and should be investigated in the 
future. 

0 5 10 15 20 25 30 35
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time (sec)

A
ss

oc
ia

te
 p

ro
ba

bi
lit

ie
s

warhead

another object

Fig. 16 Association probabilities assigned by
Method II. 
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Fig. 17 Position estimation error of Method II w.r.t. 
warhead. 
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Fig. 19 Association probabilities assigned by 
Method I for the maneuvering RV. 
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Fig. 18 Velocity estimation error of Method II w.r.t. 
warhead. 
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Table 1 Numbers of echo being selected to be the first (  and second ) candidates in non-maneuvering 

body debris clutter 

0 5 10 15 20 25 30
0

500

1000

1500

2000

2500

3000

Time (sec)

Er
ro

r n
or

m
s (

m
, m

/se
c)

 r.
p.

t. 
w

ar
he

ad

velocity

position

Fig. 22 Estimation error norms of Method II w.r.t. 
the warhead for the maneuvering RV. 
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Fig. 21 Association probabilities assigned by 
Method II for the maneuvering RV. 

 

*
1cZ ) ( *

2cZ
(N. M.) and maneuvering (M.) cases.      

  warhead 

Ca s Met ods se h *  *Z1cZ 2c
*
1cZ  *

2cZ *  Z1cZ *
2c  *

1cZ  Z *
2c  

N.M. I 72 0 0 72 0 0 0 0 

 II 70 0 0 69 1 1 1 2 

M. I 68 0 0 68 0 0 0 0 

 II 64 2 0 64 1 1 3 1 
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