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ABSTRACT

We present a (suboptimal) filtering algorithm for tracking multi-

ple highly maneuvering targets in a cluttered environment using
multiple sensors. We concentrate on the case of two targets which
may temporarily move in close formation, giving rise to a single
detection due to the resolution limitations of the sensor. The
proposed filtering algorithm is developed by applying the basic
interacting multiple model (IMM) approach and the joint prob-
abilistic data association with merged measurements (JPDAM)
technique and coupled target state estimation to a Markovian
switching system. The algorithm is illustrated via a simulation
example.

1. INTRODUCTION

When two targets are “closely” spaced, they may give rise to
a single detection due to the resolution limitations of the sen-
sor. For instance, in radar ranging, returns from multiple tar-
gets could fall in the same range cell, resulting in one unresolved
detection only [7],[8]. Standard tracking algorithms that ignore
such a phenomenon, can lead to poor performance in multiple
target tracking [7],[8]. Despite its importance, prior work on
tracking with unresolved measurements in general and model-
ing of resolution capability of a sensor in particular, is sparse.
Prior work includes [7] and [8] and references therein. In [7]
the resolution phenomena related to tracking have been treated
on the basis of a grid of resolution cells “frozen” in space. In
[8] the resolution capability of a sensor is described in terms of
a conditional probability of the event that two targets are un-
resolved, conditioned on the relative distance between the two
targets in terms of the measured variables (range, azimuth etc.).
A simple Gaussian shape is assumed which captures the sensor
behavior in a mathematically tractable way. While [7] consid-
ers JPDA for data association, [8] exploits multiple hypothesis
tracking (MHT).

In this paper we propose to use sensor resolution modeling of
[8] in conjunction with JPDA coupled filtering and interacting
multiple model (IMM) approach (see e.g. [5] for tracking with
resolved measurements). In general, IMM /PDA filter is superior
to IMM/MHT filter when the associated computational cost and
performance are considered. Therefore, our emphasis will be on
IMM/JPDA techniques. Neither [7] nor [8] consider multiple
switching kinematic models for maneuvering targets; rather they
are limited to single (nonswitching) kinematic model per target.

2. PROBLEM FORMULATION

Assume that there are total two targets with the target set de-
noted as 73. Assume that the target dynamics can be modeled
by one of n hypothesized models. The model set is denoted as
My = {1,---,n} and there are total ¢ sensors. For target r
(r € T2), the event that model j is in effect during the sampling

period (tx_1,tx] will be denoted by M,z (r).

2.1. Target Dynamics

For the j-th hypothesized model (mode), the state dynamics of
target r (r € 72), are modeled as

a(r) = F)_ (Nap_1(r) + GL_ (r)vl_ (r) (1)

where x () is the system state of target r at ¢; and of dimension
Fi_y(r)

k—1
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and Gi_l

over the sampling period (tx_1, t] for target . The process noise

(r) are the system matrices when model j is in effect

viil(r) is a zero-mean white Gaussian process with covariance

matrix Qi_l (same for all targets). At the initial time ¢o, the ini-

tial conditions for the system state of target r» under each model
Jj are assumed to be Gaussian random variables with the known
mean Z} (r) and the known covariance P (r). The probability of
model j at to, pf(r) = P[M{(r)], is also assumed to be known.
k-1
by a finite-state stationary Markov chain (same for all targets)
with known transition probabilities p;; = P[Mj (r)|M}._,(r)].
Henceforth, time t; will be denoted by k.

In coupled state estimation the states of two targets are esti-
mated jointly [4]. To this end define the “global coupled” state

y, := col{zk (1), 21 (2)} (2
and J col{ji,j2} where j. € M, is model j
for target r, FI;] = block — diag{F* (1), F? (2)}7 G] =
block — diag{G7! (1), G32(2)}, v := col{vi(1),v72(2)}. Then
we have the state equation for two targets as

The switching from model M} __ (r) to model M,g (r) is governed

®3)

where E{vgvlgl} = Q{ := block — diag{Qj.l,Qiz}. Define the
global mode

J J g
TR = Fj_q2p—1+ Gj_1vj_4

M = (M) (1), M2 (2)}. 4)

The two targets are assumed to evolve independently of each
other. Therefore, the transition probability for the global modes
are given by

2
pry = PAME (1), M@t (1), M2 ()} = [ [ i
r=1

()
. . 2 .
Similarly we have pg = P{MZ' (1), M3?(2)} = [ wd (r).

r=1
2.2. Measurements

For the j-th hypothesized model (mode), measurements of target
r (r € 7T2), are modeled, when resolved, as

z}c(r) = hl(zp(r) + wi(r) for I=1,---,¢q (6)

where z! (r) is the (true) measurement vector (i.e., due to tar-
get ) from sensor I at t, and of dimension n;, and h! is the
nonlinear transformation of xj(r) to 2z} (r) (I = 1,---,¢). The
measurement noise wi(r) is a zero-mean white Gaussian process
with covariance matrix RL (same for all targets) and is mutually
uncorrelated with the process noise vi71 (7). Similarly define the
global measurement vector at sensor ! as

col{z},(1), ,(2)}

and related vectors hl(zy) = col{h!(zy(1)), h!(xk(2))}, w
col{w! (1), w!(2)} where

L.
zp, =

(7

E{wiwil} = R! := block — diag{R., RL }.



Then the measurement equation for two targets at sensor ! (as-
suming no clutter and perfect detections) is given by

2t = hl(zy) +wl,  for 1=1,--- 9)

Note that, in general, at any time k, some measurements may

be due to clutter and some due to the target(s). The measure-

ment set (not yet validated) generated by sensor [ at time k is de-

2(1),22(2), e Zi(mz)} where m; is the number

of measurements generated by sensor [ at time k. Variable z,lc(i)

(i =1,---,my) is the ith measurement within the set. The vali-
dated set of measurements of sensor [ at time k will be denoted

by Ykl = {yfc(1 ,yk2 s Y ™Y where m,; is total number of
validated measurement for sensor [ at time k. And y,lv(l) = z,lc(li)
where 1 < I1 <2 < -+ < lin; < my when m; #0. The cu-
mulative set of validated measurements from sensor [ up to time
k is denoted as Z*( .= {Yll,Y2l7 . v,Ykl}. The cumulative set
of validated measurements from all sensors up to time k is de-
noted as Z¥ := {ZkW) zk(2) ... 7zKka)} where ¢ is the number
of sensors.

Our goal is to find the state estimate &, := E{xx|Z*} and
its error covariance matrix Py, := E{[zr — T 1] [z —fk‘k]ﬂZk}
where x;c denotes the transpose of .

> 9q-

noted as ZL =

3. MODELING FOR THE MERGED

MEASUREMENTS

3.1. Modeling Assumptions

Prior work on modeling of merged measurements includes Trunk
[2, 3] and Chang and Bar-Shalom [7]. Here we will follow Koch
[8]. Based upon these earlier works, we assume the following:
Only two targets were considered. The merged measurements
arise when two targets are so close that the noisy measurements
(rather than the predicted measurement) fall in the same reso-
lution cell due to a lack of resolution of the sensor. The relative
strength By (see (11)) of the signal is assumed to be Gaussian
with mean 0.5 and a small variance (0 < 8 < 1); however, in our
simulation examples, we set 3,=0.5 for all k. False detections
(clutter) not related to the targets are uniformly distributed in
the surveillance region and their number is assumed to be Pois-
son distributed. The detection probabilities for resolved targets
Pp and unresolved targets Pf are the same.

3.2. Measurement Model

Due to a lack of resolution at the sensor, a detection may cor-
respond to both targets. Let sL(z) denote the signal power of
target ¢ at sensor ! and time k. Following [7], for unresolved tar-
gets at time k, the measurement equation for the two targets at
sensor | (assuming no clutter and perfect detections with merged

measurements of targets r1 and r2, (r1,72 € 72)), are modeled
as(I=1,--,9)

20" = Brzb (1) + (1 — Br)2h (2) = hb(ay) +wi® (10)
where B = s, (1)/[sh (1) + s}, (2)], (11)

hb () = Brhl(zk (1) + (1 — Br)hH (zk(2)), (12)
wy® = Brwh (1) + (1 — Br)wh (2), (13)
E{wbwh '} = RLe. (14)

3.3. Sensor Resolution Model

Let A denote the event that both targets are unresolved. Follow-
ing [8], for sensor [, we introduce a related conditional probability

Pl as
PLi= P(Aley,) = [2nRb[ 2N (03 hb 4 an), RVY) (1)

where
hb () = b (zk (1)) — B (zk(2)),

N (i, P) = [2aP| 2 exp [ @ =) P @ = w)] . (17)

(16)

The positive definite n,; X n,; matrix Rb® is determined by cor-
responding sensor resolution (measurement accuracy). Later we
illustrate our model by a 2-D radar measuring range and azimuth
as well as an infrared sensor measuring azimuth and elevation an-
gle. In this case, the range resolution is essentially determined
by the length of the emitted pulse and the angular resolution is
limited by the beam width. Following [8] we assume that the
different measurement resolutions are independent of each other
so that Rb4 is diagonal.

4. IMM/JPDAM COUPLED FILTERING

ALGORITHM

We now modify the IMM/JPDA coupled filtering algorithm of
[5] to apply to the coupled system (1)-(9); it will be called
IMM/JPDAMCEF (CF stands for coupled filter). We will only
briefly outline the basic steps in “one cycle” (i.e., process-
ing needed to update for a new set of measurements) of the
IMM/JPDAM coupled filter.

Assumed available: Given the state estimate ii—l\k—l =
E{xp_1|M]_ |, Z*~1}, the associated covariance Pkal\kfl’ and
the conditional mode probability ,u,i_l = P[MkJ_ Zk=1] at time

k — 1 for each mode J € My, := My X M.
Step 1. Interaction - mixing of the estimate from the
previous time (VJ € M,): predicted mode probability:

1

i = PIMYIZE T =Y T prnd . (18)

I
mixing probability:
— J—
M”J = P[M1£71|M1;]7Zk 1] =pIJ/M€71/Nk . (19)
mixed estimate:
~0J J k—1 ~T I\J
#07 ey = Blaa My, 2871 = Zxk—llk—lu 7. (20)
I
covariance of the mixed estimate:

PO

. “ Jo—
ki1|k71 = E{[l’k—l_x%iukfl][zk—l_xg{ukfﬂl‘MlgvZ '}

_ I ~T ~0J ~T ~0J ’ I\J
= E R R TR L AR T Y | o/ ST R SR PR O 7 .
I
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(21)
Step 2. Predicted state and measurements for sensor 1
(VJ € My): state prediction:

. ke .
xi\kﬂ i= B{ay| M}, 251} = Fﬁflxiiukfl- (22)

state prediction error covariance:

P16J|k71 E{[ka *ig|k71][$k*i"g‘kfﬁllM};]vZk_l}

J J J’ J J J’
Fk—lplg—l\k—le—l +Gp1Qi1Giy- (23)

For two resolved targets: Using (6) and (22), the global mode-
conditioned predicted measurement for sensor 1 is

sJ,1 .
207 = hl(:r,g‘k_l).

% (24)

Using the linearized (9), the covariance of the mode-conditioned

residual 1/]5’1(1) = in) - ék‘]’l where z;(I) = col{zi(il),zi(h)},
is given by
I T A 2T k=11 _ ppdilpd T il
SPt = B O D\l 28y = B P B AR
(25)
Si,l = E{l/i’l(l)l/i’l(l) ‘Mic]’Zkfl}
=H)' P HPY R (G=jiorja)  (26)



where HI;”I := block — diag{Hil’l,Hf’l} is the Jacobian ma-

trix of h”/'1(.) evaluated at the state prediction ig\kfl'

For unresolved targets: Using (10) and (22), the global mode-
conditioned predicted measurement for sensor 1 is

5,1

Z 0" = hb a(zklk 1) (27)

Introduce a pseudo-measurement (as in [8]; [ = 1,2 and I is an
identity matrix)
l

z, (1) — Zk( ) and define 2J’1’d

= =1 -1zl (28)

Using linearization around 7 the covariance of the mode-

k|k—1

conditioned residual (zfc’d set to zero [8])

J1 Zl,a 2‘7717&
y,a
v —[ % }— AR (29)
K
is given by
Jla Jla Jl,a J k-1
S; a.—E{I/k vt My, Z }

J,1,a 1,a
Hp™ J1,a’ Jd Ry 0
{ lﬁ’l’d Pl [ PV H ]+ 0 Rld

where Hl;l’l'a [BrHItY (1 — Bi)HI2:'] and HI;]’l’d
[H o1 7Hi2’1} . In (29) the measurement residual 1/,;]’1’(1 is the
formulation of both, the mean position and the distance of the

targets. Therefore, an assumed resolution conflict results in a
fictitious measurement of zlt’d with value 0 and error covariance
RV [g].

Step 3. Measurement validation for sensor 1 (VJ € My,):
We first perform measurement validation for each target r (r €
T>) separately. For target r, the validation region is taken to be
the same for all models, i.e., as the largest of them.

For two resolved targets: Just follow Step 3.3 in [5].

For unresolved targets: For unresolved targets at time k, S;C”l’a
is a n,; X n,; matrix and is based on the information relevant to

the merged targets. Let ég’l’a denote the n,; X 1 column matrix.
That is, 25’1’61 is the mode-conditioned predicted measurement of

the merged targets for sensor 1. Let J, := arg{ max {Sl‘cj’l’a|}.
JeMp

Then measurement for unresolved targets zi(i) (i=1,2,- - -,my) is
validated if and only if
- - 1 ) -
[21(1) ’\];Iu.vlva]/[s;c]a!lva] [zi(l) _ 2?]‘-6]0.1170'} <~ (31)

where ~ is an appropriate threshold. The volume
the validation region with the threshold v is V!(a)
1/2

/ . The volume of validation region for the
whole target set is Vi = Vi!(a).

Step 4. State estimation with validated measure-
ment from sensor 1 (VJ € M,;): From among all the

of

Ta,1
CHZL,ynzl/lekJa, 7¢l‘

raw measurements from sensor 1 at time k, i.e., Z,i =
{z, 10 1(2> y 2 1<ml>} define the set of validated measure-
ment for sensor 1 at time k as V! := {y 1(1>, 1@ . y;(ﬁ”)}

where m is the total number of vahdated measurement for sen-
sor 1 at time k£ and 1) L)
y =z (32)

with 1 <11 <l2 < -+ <lm; < mq when m1 #0. We now
consider joint probabilistic data association across targets with
possibly unresolved measurements following [4], [5]. A marginal
association event 6;, is said to be effective at time k when the

validated measurement y, 1) 5 associated with (i.e. originates

from) target r (r =0,1,2 where r = 0 means that the measure-
ment is caused by Clutter). Assuming that two targets can be
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possibly unresolved and detected as a single target, a joint asso-
ciation event O is effective when a set of marginal events {6;,}

holds true simultaneously. That is, © = n;‘ml 0;r, where r; is

the index of the target to which measurement y, 1) is associated

in the event under consideration. Define the Vahdation matrix
(as in [4])

Q = [wir] 1=1,---,m1, for r=0,1,2 (33)
where w;, = 1 if the measurement ¢ lies in the validation gate of
target 7, else it is zero. A joint association event © is represented

by the event matrix

Q(6) = [@ir ()]

where @; = 1 if wy C O, and w;- = 0 otherwise. A feasible
association event is one where a measurement can have either
only one source $2_,@;r(©) = 1 or two sources (e.g. two tar-

i=1,---,mi, for r=0,1,2 (34)

gets) X2_ @;r(©) = 2, and where at most one measurement can
originate from a target
6.(0) =2 & (©) <1 for r=1,2. (35)

The feasible association joint events © are mutually exclusive
and exhaustive.
Following the definitions in [4], define the binary measurement
association indicator
(@) =%2_,0:4(©) <2 for i=1,---,my (36)

to indicate whether the validated measurement y, 1 is associ-

ated with target(s) in event ©. Further, the number of false
(unassociated) measurements in event © is

»(©) =

A resolution indicator, p(©), is defined to be one when 7;(©) <
1 Vi and zero otherwise. We will limit our discussion to non-
parametric JPDA [4]. The likelihood function for the global

mode J can be evaluated as AZ’I

27 [1 — min(1, 7;(0))]. (37)

=p VM7, 2571 =Y " p [vle, i, ZF Plelm, 51y
(S
(38)
When the targets are merged, the second term (apriori joint
association probabilities) in the last line of (38) can be evaluated
as [§]

P{oe|Mm}, zF1} :=/P{@m,M,i,zk—l}p[mM,f,Z’“—l]dxk

D(@)/P(.Alxk)/\/(a:k;ig‘kfl,Plekfl)dxk = D(O)P)"

(39)
where

2

x e

r=1

O)le

D(©) = )M(e) pD)l—t;r(@)7

(40)

Pp is the detection probability at sensor 1 (assumed to be the
same for all targets), € > 0 is a “diffuse” prior (for nonparametric

modeling of clutter) whose exact value is irrelevant and P];I La

HJ,I,dPJl

B 1,d|1/2
= |27‘(’R ‘ k-1

P
(a1]

Lppdild J
N(O,H Tholp—1s

It then follows that

D(©)(1— P,j’l"l) for resolved target(s)
P{e|M],ZzF 1y =
D(@)P};I’l‘a for merged targets.

(42)



The first term in (38) is

p Ve, M7, z5 1] = v ¢ @y [Vle) M, 2] (43)
where f/kl (©) C Yk1 is a subset of the validated measurements Ykl,
consisting of the measurements associated with the targets as
specified by ©. The number of measurements in ?kl((%) is equal
m1 — ¢(©) where ¢(0O) is the number of false alarms. Define a
m1 X [Mm1 — ¢(0)] matrix Q(O) as a submatrix of (©) obtained
by deleting the first column and all null columns of {(6). Then
for a given ©, we have a measurement vector 37191 (©) of dimension
(Em min[l, 7;(©)])n.1 given by

V(0) = (In., @ Y (€)eol{y, ™ i=12, -,

m1} (44)

where we stack up all target-associated validated measurements
in © in ascending order of targets, I, is the n X n identity ma-
trix, and the symbol ® denotes the Kronecker product. Define a
[(Mm1 — ¢(©))221] X [2n,] matrix HkJ’l(@) as a submatrix of H,;]’l
obtained by deleting all i-th block rows (n.1x.) of H;"" for which
0;(©) = 0. That is, we have modified HkJ’1 to keep only the block
elements associated with target-associated measurements in ©.
To further simplify the equation for Ykl (©), one has to consider
all the possible joint association events ©. Define a related set
of mutually exclusive and exhaustive data interpretations ¥ as
follows (here we follow [8])
W11: Both targets were resolved and detected (¢(©) =

)

[ ] mlf

WUio: Both targets were resolved and only target 1 was de-
tected (¢(©) =m1 —1,61(0) =1,62(0) =0),

Wo1: Both targets were resolved and only target 2 was de-
tected (¢(©) = m1 —1,61(©) = 0,02(0) = 1),

Wq: Both targets were detected but merged as a single mea-
surement (¢(©) =m1 — 1,61(0) =1,62(0) =1),

e Uy: No target was detected (¢p(©) = my).

It then follows that the linearized measurement equation for
Y.}(©) is given by

-+

HI (©)zy, +w)t, for © € Uy
H]V (©)ay +wM (1), for ©€ Wi
vie)={ HP'(O)x,+w>'(2), for ©€ Ty
H\Llya o) J,l,a
|: %,l,d @) TE + |: ‘kjld : fOr@G‘l/l,

(45)
Conditioned on the joint association event © and mode J, the
“coupled” innovation is given by

vl(©) =Y1(©) -1 (©), for ©€ Wy

vitl(©) =vl(e) - 211 (e), for ©€ ¥y
V(@) = vi2l(©) =vl(e) - 22" (), for ©€ Uy

Jla o 2J,1,a(@) ;
v O) =Y, (O) — 2’371@(@) , for © € ¥y,
0, for ©® € ¥y
(46)

where 2;’1(9) 25’1’{1(9), 2g’l’d(@)) are subvector(s) of 25’1

(A]‘c]’l’a A]‘:’l’d) obtained by deleting all i-th block rows (n,1 x 1)
of 73]1 (25’1@ ”J’l’d) for which §;(©) = 0. The covariance of
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mode-conditioned residual conditioned on the joint association
event © is given by

SPH©) = HY )P, _ H' (©) + R)', for © € Wiy

j1,1 j1,1 j1,17 j1,1
S71(©) = Hit (@)P]z‘llC LJ(OHT (@) + R, for © € Uyg
. . o .
521 (0) = Hi* 1 (©)P2 _ (2)H>" () + R, for © € Yo
Sg’l’a(@) is given by (30) for © € ¥,

(47)
where Plz|1k 1 (1) and Pk\k 1(2) are diagonal submatrices of
Pl

Klk—1

There are a total of (1 + 1) X (71 + 1) possible association
hypotheses, each of which has an association probability. Then
we have

p[vile, M, 2" =

V2TV H(O) | M, ZF1), for © € Uy
1%

1

LT[V H(O) M, 2k 1), for © € Wi

VTV (O) MY, 2K, for @ € Wor  (48)
Vi TV (©)| M, 281, for © € Wy
vV, ™, for © € g

where the conditional pdf (probability density function) of the
validated measurements Ykl (©) given their origins (specified by
©) and the global mode J, is given by

p[Vi©)IM], 28] =
N(YL(©);2](©),5]1 (), for © € U3
N(YL(©); 21 (0), 811 (9)), for © € U1

(Yl(G)) ”2’ (©), Sn’ (©)), for ©® € ¥

N<Y/k1(e)§ |: Zl}
(49)

The probability of the joint association event © given that global
mode J is effective from time k-1 through £ is 55’1(9)

,s,;’vl’a(®)> , for © € ¥y

- 1 - -
= P{®|MI;]72k 17Yk1} = Zp[Y;‘@,MI;],Zk I}P{GIMI;]7ZI€ 1}

(50)
where the first term can be calculated from (43)-(47), the second
term from (40)-(42), and c is a normalization constant such that
SeP{O|M], Zk-1, v} =1.

Using fc‘lglk_l (from 22) and its covariance J|k , (from 23),

and its covariance PI€| &
following the standard PDAF [4], except that the global state is
conditioned on ©, not the marginal events 6;,.; details follow.
Kalman gain:

one computes the partial update ic Rk

Wi (©) = P, H (©) ISP (©)] 7, for @ € Wiy
Wi (©) = Pl () H] (©)[si1(©)] 7, for © € g
Wi2(©) = PP, (2)H]*(©)'[S{>1(©)] 71, for © € Vo,
’. J,l,a @ ! 71
w4 (e) = k\k 1 13,1,d (©) (S (©)] 71, for © € 3.

(51)



Partial update of the state estimate:
20 (0) = B {z|0, M, 251, vl }

Zklk
s+ w/ (@) (©), for © € Wiy
J WJl @ J1,1 @
o 1+[ E)nle ©) | for @€ vy

Onmxl

. 52
B T [ Wg?(@)u,g%l(@) 52

:|, for © € ¥y

+ w4 (o), for © € Uy

T
Thp—r T

for © € ¥y.

T
Thlk—1°

Mode-conditioned update of the state estimate:

apn =B {ekIM, 25y} = Zﬁ ©)2}1,(0).  (53)

: - J
Covariance of & ol

P,;’”i :—E{(xk—xk‘k)( Agli) Y, z+=1, M)
rived following [5] and [4, (3.4.2-10)]; details are omitted for lack
of space.

Step 5. The mode-conditioned predicted measurements
for sensor 2 (VJ € My):

For two resolved targets: Follow Step 3.5 of [5] (see also Step 2
earlier).

For unresolved targets: The predicted” measurement for sen-

2720 .~ p2a(z7 0y Define 2,{’2"1 = [ -

, can be de-

sor 2 is given by Z; k|k)
nh%(z k\k) Using linearization around xk|k’ the covariance of

the mode-conditioned residual
2,a 5J,2,a
J,2, ’ z
l/k a = |: ZIE) :| _ |: {%2,(1 :| (54)
is given by

J2,a J,2,a, J,2,0" (2 rd k—1 y-1
S .—E{l/k vy, M}, Z Y,

H 2o J1 / ' R2@ 0

_ k J.2,a J,2,d k

[ [ e 1 [
(55)

where H;’Q’a = [BLHV? (1 — B)H72?] and H;C]’Q’d =

[H]V? — H]?).

Step 6. Measurement validation measurements for sen-

sor 2 (VJ € My): This is similar to Step 3 where we replace

Slg’l with 55’27 zi(z) with z2( 9 , m1 with ma, Vi}(r) with V2(r),

and Vk1 with VkQ. Details are similar to that in Step 3, hence

omitted.

Step 7. Update with validated measurements for sensor
2 (VJ € My): This is similar to Step 3.4. Using the Validated

measurements obtained from Step 3.6 and starting from &7

and Pk\k’

the likelihood

k\k

one computes the final updates :1: Kk and Pk\k’ and

AP =p [Y,j’, |M,§,Zk—1,ylj]
= p[vRle, M, 2 vl Plelm, 25 vy (56)

e

Details are similar to that in Step 3.4, hence omitted.
Step 8. Update of mode probabilities (Vj € My, Vr € T2):

1 o a1,2
,U'i = P[MkJ|Zk] = Z/"g Ay A (57)
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Figure 1. The true trajectories of the maneuvering targets:

position in xy plane.

where ¢ is a normalization constant such that ZJMJ = 1. For
individual targets we have

n n
(1) = PIMP (|ZF] = Y 2, w2 @) =) uf
J2=1 Jji=1

(58)
with J = (j1,2) in (57).
Step 9. Combination of the mode-conditioned estimates
(Vr € 73): The final global state estimate update at time k is
given by

Gpp o= E{ex| 2%} = Zjig‘kug (59)

and its covariance is given by

Py = ZJ {P,jk + [3 — 3] [# — i‘k“?],}ﬂi' (60)

The state estimate 2y, (r) for target 7 is the ng-subvector of
&), consisting of elements (r — 1)ng +m, m =1,2.

5. SIMULATION EXAMPLE

The following example of tracking two highly maneuvering tar-
gets in clutter is patterned after [5].

The True Trajectory: We consider a scenario similar to that
in [5]. Target 1 starts at location [21689+d, 10840+d, 40] with
dz=-3040m and dy=>5500m in Cartesian coordinates in meters.
The initial velocity (in m/s) is [-8.3 -399.9 0] and the target
stays at constant altitude with a constant speed of 400 m/s. Its
trajectory is: a straight line with constant velocity between 0 and
27s, a coordinated turn (0.15 rad/s) with constant acceleration
of 60 m/s2 between 27 and 42s, a straight line with constant
velocity between 42 and 47s, a coordinated turn (0.1 rad/s) with
constant acceleration of 40 m/s? between 47 and 65s, and a
straight line with constant velocity between 65 and 87s. Target
2 starts at location [30000 -3040 40] in Cartesian coordinates in
meters. The initial velocity (in m/s) is [-382 157 0] and the target
stays at constant altitude with a constant speed of 413 m/s. Its
trajectory is: a straight line with constant velocity between 0 and
44s, a coordinated turn (0.075 rad/s) with constant acceleration
of 30 m/s? between 44 and 59s, and a straight line with constant
velocity between 59 and 87s.

The Target Motion Models: There are 3 models exactly
as in [5]. In each mode the target dynamics are modeled in
Cartesian coordinates as zi(r) = F(r)zr—1(r) + G(r)ve—1(r)
where the state of the target is position, velocity, and acceleration
in each of the 3 Cartesian coordinates (z,y, and z). The details
regarding these models may be found in [6]. The initial model
probabilities for two targets are identical: ,u(l) = 0.8, M(Q) =0.1
and ug = 0.1. The mode switching probability matrix for two
targets is also identical and is as in [6].

The Sensors: Two sensors (we assume collocation, and
time synchronization of observations, etc.) are used to ob-
tain the measurements. The measurements from sensor [ are



IMM/JPDAMCF | IMM/JPDACF
No. of (proposed) (15])
lost tracks 4471000 94/1000
swapped tracks 3/1000 4/1000
successful tracks 953/1000 902/1000

Table 1. Simulation results summary based on 1000 Tuns.

zfﬂ = hl(xy) + wi, I = 1,2, reflecting range and azimuth an-
gle for sensor 1 (radar) and azimuth and elevation angles for
sensor 2 (infrared). The range, azimuth, and elevation an-

gle transformations would be given by r = (22 4 y2 + 22)1/2,
a=tan"'[y/z], e = tan"'[z/(z? + 3/2)1/2}7 respectively. The
measurement noise wé for sensor [ is assumed to be zero-mean
white Gaussian with known covariances R! = diag[qr,qa1] =
diag[400m?, 49mrad?] with g, and gq1 denoting the variances for
the radar range and azimuth measurement noises, respectively,
and R? = diag[qa2, ge] = diag[4mrad?, 4mrad?] with g,2 and g
denoting the variances for the infrared sensor azimuth and el-
evation measurement noises, respectively. Resolutions of both
sensors are selected after from [8] (twice of the standard devia-
tions for the corresponding sensor measurement noise): a range
resolution of sensor 1 (af*)=2x,/g-=40m, a angular resolution
of sensor 1 (a®1)=2x,/qa1=14x10"3rad, a angular resolution
of sensor 2 (a?2)=2x,/gaz=4 x 10~ 3rad and a elevation angle
resolution of sensor 2 (af)=2x,/ge=4 x 10~3rad. The noise for
merged measurements wé’a for sensor [ is assumed to be the same
with resolved measurement noise w}c for sensor I. The measure-
. . l,d :
ment distance noise w," for sensor [ is assumed to be zero-mean
white Gaussian with known covariances R1'? = diag[a®, a®1],
and R%>? = diag[a®2,a’]. To generate the true target trajecto-
ries, following (15), given the measurements of the two targets
at a given sensor, the targets are unresolved with the conditional
probability P,i’a and they are merged into one by the linear com-

bination model (10) with the signal strength ratio 8, =0.5 for all
time k. (The tracking algorithm does not have this knowledge

of how Pli’a is used to generate data.) Both sensors are assumed
to be located at the coordinate system origin. The sampling
interval was T'=1s and it was assumed that the probability of
detection Pp=0.997 for both sensors.

The Clutter: For generating false measurements in simulations,
the clutter was assumed to be Poisson distributed with ex-
pected number of A\; = 20 X 10_6/m-mrad for sensor 1 and
A2 = 2 x 10~%/mrad? for sensor 2. These statistics were used
for generating the clutter in all simulations. However, a non-
parametric clutter model was used for implementing all the al-
gorithms for target tracking.

Other Parameters: The gates for setting up the validation
regions for both the sensors were based on the threshold y=16
corresponding to a gate probability P=0.9997.

Simulation Results: The results were obtained from 1000
Monte Carlo runs. Fig. 1 shows the true trajectory of the two
targets as a function of time. The two targets start out far
apart, move close to each other from 38 to 42 sec., cross at 52
sec. and then move apart again. Fig. 2(a) shows the results
of proposed IMM/JPDAMCEF based on 953 successful runs (tar-
get swap occurred in 3 runs with 44 track failures). Fig. 2(b)
shows the standard IMM/JPDACF (the merged target case is
not accounted for in this approach) based on 902 successful runs
(target swap occurred in 4 runs with 94 track failures) in terms
of the RMSE in position. Table 1 shows the number of suc-
cessful runs (including target swappings) for the two approaches
IMM/JPDAMCF and IMM/JPDACEF. It is seen from Table 1
and Figs. 1 and 2 that the proposed IMM/JPDAMCEF has bet-
ter performance than IMM/JPDACF especially in terms of the
track estimation accuracy and the loss of tracks.
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