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Abstract—Joint detection and tracking is fundamentally im-
portant in signal processing, navigation, and radar applications.
Especially, multitarget detection and tracking in multipath en-
vironments is a promising issue and broadening range for joint
detection and tracking. However, its wide adoption in real-world
systems is challenged by the unknown data association, complex
and changeable motion environment, and data mutual coupling.
To address those problems, we propose a joint detection and track-
ing scheme based on expectation maximization (EM) algorithm.
By alternately computing the complete likelihood function and
optimizing it with respect to target existence state (detection) and
target kinematic state (tracking), the proposed scheme iteratively
optimizes estimation and data association. Furthermore, we pro-
vide a hybrid forward and backward algorithm during the M-step
to deal with the coupling of the target existence state and target
kinematic state. We also provide a convergence speed-up algorithm
based on K-means method and stochastic initialization method to
accelerate convergence speed. Finally, we verify the effectiveness
of the proposed joint detection and tracking scheme by conducting
extensive simulations with different tracking scenarios. The simu-
lation results show that the proposed algorithm not only improves
the detection and tracking performance, but also stays stable per-
formance in complex and changeable motion environment and high
noise background.

Index Terms—Expectation-maximization (EM), joint detection
and estimation, multipath, terms-multitarget.

I. INTRODUCTION

ULTITARGET detection and tracking, which includes
M estimation of targets existence states and estimation of
target kinematic states, is a basic problem in the area of maritime
reconnaissance, drug enforcement, and traffic control [1]-[3].
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Most multitarget detection and tracking algorithms are assumed
that one target generates only one measurement in a single scan
with detection probability less than unity [4]-[6]. However, the
situation that multiple measurements generated by one target
in one scan often occur due to, such as multipath propagation
phenomenon in underwater sound transmission or sky-wave
over-the-horizon radar (OTHR), multipath effects in millimeter-
wave wireless communication or extended nature of targets with
a high resolution radar [7]-[9]. This kind of sensing problem is
called joint detection and tracking of multitarget and multipath
(MTMP-JDT) problem in this article.

There are two potential advantages for the MTMP system
compared with single-target and single-path pattern. The first
one can be regarded as sensitivity, which refers to the ability to
detect or track targets with high noise background. MTMP-JDT
system can extract more targets information from multipath
returns, which increases the total energy received from the
targets. Combining these multiple pieces of information can
enhance the signal-to-noise ratio (SNR), which further improved
the system’s sensitivity. The second advantage can be referred
to as continuity, which is the ability to obtain a continuous
maneuvering state of the targets. Poor continuity refers to that
the tracks drop out in the complex motion environment, such
as loss of maneuver handling, emergency braking, or target
cluster with various maneuvering parts. The MTMP-JDT can
provide robustness against signal fluctuation. In this situation,
tracks or detection on different paths or different parts of a
target cluster would not drop out simultaneously, and a set of
tracks can maintain continuity. In general, trackers will be more
successful in associating a cluster of returns in a predictable
pattern.

Three challenges are needed to face for the MTMP-JDT issue:
1) Unknown data association: The measurement needs to be
associated with the target; Apart from that, the measurement
scattered from target needs to be associated with the propa-
gation path. We call it the triple target-to-path-measurement
association event in this article. 2) Complex and changeable
motion environment: The number of targets varies over time
and is unknown. In addition, targets may appear and disappear
anytime and anywhere without prior information. 3) Coupling
of detection, estimation, and identification: Target existence
state, the target-to-path-measurement association, and target
kinematic state are tightly coupled.
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Plenty works have been done aiming to solve the MTMP-JDT
problem. Based on measurement level fusion, Davey et al. gave
a joint detection and tracking method in [10]. One step further,
Davey et al. also proposed a mode-ware detection tracking
algorithm by approximate the detection results based on the
probabilistic multihypothesis tracker (PMHT) [11]-[13]. How-
ever, detection and tracking performance under those techniques
are poor and specially in high noise background. Based on
the joint probabilistic data association (JPDA) method [15],
[16], Habtemariam et al. proposed the multiple-detection JPDA
Filter (MD-JPDAF) [14]. Using the multiple hypothesis tracker
(MHT) framework [17], the multiple detection MHT (MD-
MHT) [18] is presented. Fusing all the available measurement
information as much as possible, the above methods gain an
effective multitarget tracking performance. Tang et al. proposed
amultiple-detection PHD (MD-PHD) in [19] by extending stan-
dard PHD filter to multidetection situation. These measurement-
level fusion algorithms can achieve remarkable tracking per-
formance over the first category tracking algorithms. Another
category is based on closed-loop iterative processing. Laet et al.
gave the solution to the tracking without known association by
using the variational Bayesian approach [20]. Furthermore, Lan
et al. extended the variational bayesian approach to the MTMP
case and proposed the JDT-VB algorithm [21]. One drawback
of the variational Bayesian based algorithms is that they suffer
from computational complexity when there is not proper ini-
tialization, such as single element subsets initialization, which
may cause performance degradation. These iterative methods
are attractive and effective for decoupling of association and
estimation. Some advanced deep learning methods [22], [23]
are devoted to solving the multitarget tracking and incomplete
data problem, which is novelty, attractable and can be used in
future work.

The expectation maximization (EM) algorithm is an effec-
tively iterative optimization approach to compute maximum
likelihood estimates, useful in the presence of incomplete data
[24]. Akinin et al. aimed to tackle pattern recognition on satellite
images by presenting a new EM image segmentation method
[25]. Einicke et al. adopted K-means algorithm as the initial
setting for clustering results to speed up the convergence of EM
algorithm [26]. Lan et al. [27] based on sliding window and
structure of parallel proposed a computation efficient scheme to
address the OTHR target tracking problem. To the best of our
knowledge, no one has dealt with the joint detection and tracking
of multitarget multipath problem by utilizing EM framework,
which is attractive to cope with the three challenges mentioned
above.

In this article, an efficient joint multitarget detection and
tracking algorithm (JMDT-EM) is proposed in multipath en-
vironment. Our investigation is capable of solving detection,
tracking, and data association at the same time and is durable
under complex and changeable motion environment and low
SNR circumstance. First, the proposed JMDT-EM algorithm
is investigated alternating calculating the log-likelihood func-
tion based on the probability density function (PDF) of miss-
ing data (target-to-path-to-measurement association) in E-Step
and optimizing the log-likelihood function on the system
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parameters (desired target existence state and kinematic state)
in M-Step. More importantly, utilizing the iterative mechanism,
the closed loop between data association and state estimation
is established, which is effective to solve the coupling problem
between data association and target state estimation. Second,
a hybrid forward and backward algorithm is provided during
target existence estimation and target state estimation to solve
the coupling of target existence state and target estimation state.
Third, a convergence speed up algorithm based on K-means
strategy and stochastic initialization strategy is also provided to
accelerate convergence speed. Simulation results demonstrate
that the JMDT-EM algorithm not only obtains a good detection
and tracking performance, but also stays stable performance
in complex and changeable motion environment and low SNR
circumstance.

The rest of this article is organized as follows.
Section II gives the problem formulation of joint multitarget
multipath detection and tracking system. Section III discusses
and develops the JMDT-EM algorithm for target state estimation
and data association. Section IV presents the simulation results.
Finally, Section V concludes this article.

II. PROBLEM FORMULATION

System model used for problem formulation and algorithm
design are described in this section. Section II-A gives tar-
get kinematic state model and target existence state model.
Section II-B presents the measurement model. Specially, the
definition of data association event between target state, mea-
surement, and propagation mode is given in Definition 2.1.
Finally, Section II-C gives the problem formulation.

A. Target Kinematic State Model and Target Existence State
Model

Let T}, be the known number of possible targets that appear
in the surveillance region at time instant k. Denote X =
{@; 1}, as the set of targets kinematic states. The target
dynamical equation is given

e = fi (@ 1) Fvrp-1,t=1,...,Tx (1)
where f,(-) is the state transition function, v, ;1 is a white
Gaussian noise with zero mean and covariance Q; j,_1-

Define S, = {5 }1*, as the set of target existence state
with s, € {0,1} denoting the detectable state of target ¢ at
time instant k. Target ¢ is detectable at time k if s; 5 =1,
and is alternatively undetectable if s;; = 0. Target existence
state s; 1 evolves following a two-state Markov process with
p(se.k = alsgr—1 =b), Va,b € {0,1} being the known transi-
tion probability.

B. Measurement Model

Assume that [ is the number of valid propagation modes.
p’, is the detection probability of a target through the ith (i =
1,...,I) propagation mode. Let N be the known number of
measurements at time instant k. Z = {z,,}>* is denoted as
the measurement set. For the nth measurement z,, j, is either
originated from target or from clutter. The target-originated
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measurement z;, is described as

zr = h; (:ck)—&—w,-’k, i=1,2,...,1 )
where h;(-) is the measurement function of the ith propaga-
tion mode, w; j, is the measurement noise, following Gaussian
distribution with zero-mean and covariances R ;..

The clutter-originated measurement (false measurement) is
modeled as a uniform clutter PDF p,..(z) with a Poisson proba-
bility mass function y.(n) in the corresponding region G, with
the corresponding volume Vi,

. Vélif zr € Gy,
Pe(2k) = {0 ’ otherwise, 3)
W, ) e HVe
uc(n):(G"')—ek,n:O,l,Z... (4)

n!
with A being the spatial density of the clutter, taken as Ny / Vi, .

C. Problem Formulation

Definition 2.1: Define the multitarget multipath data asso-
ciation event among targets, multipath propagation modes and
measurements at time instant k as @, = 6, U 6] U 6}

° 0, = {Htk’i’” tTii{ ;g’{m:l represent the targets exist, and

the nth measurement is originated from the ¢th target via

the ith propagation mode;
e 0] = {Otk’l’o ?ii{izl represent the tth target is not de-
tectable by the ith propagation mode;
= {0"" Nk | represent the nth measurement is scat-
tered from clutter and irrelevant to any propagation modes
or targets.

A joint event @y is feasible only if it satisfies the following
assumptions: 1) A measurement either scattered from one un-
derlying target or from false clutter at one time instant. 2) A
target via a specific propagation mode is either not detectable or
generates only one measurement at one time instant.

Denote [k —1,k]={k—1,k—1+1,...,k} as the time
interval, where [ denotes the window length. Denote the
sequences of sets S¥ , = {Sj}?:kfl’ Xk, = {Xj}f:jfl,
zk = {Zj}?:lc—l and ©F , = {Gj};?:kfl as the collections
of target existence state, targets kinematic state, measurements,
and data association events, respectively.

Based on the models of target existence state, target kinematic
state, and multipath measurements, the problem of multitarget
detection and tracking in multipath environment is aimed to ob-
tain target existence state S¥_, (detection) and target kinematic
state X ’,2_ , (tracking), using measurements Z_, with unknown
data association event @i, , among targets, propagation modes,
and measurements, i.e.,

P1:p(X} | Z}) = Z P (X525, ©5,) )
Chil

p(SE_|Z5) = Z p(SkilZr 1, ©F,). (6)

Ch

To solve problem P1, there are some difficulties that should
be considered:

1) An efficient method for solving incomplete data is needed.

To estimate the target existence state S%_, and the target

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

T " 3
| Input Radar |
[ measurements |

[ Initialization Initialization |
- — - —
e Ty T T T T T T 3
| Preprocessing Gating — : :
— P t_ — _&(r)_q)_“(_r)_/
[ T e S R = 3\
| E-step Date association [« - |
| _I? o I;YM(”) S.(r) |
— D
| Mstep | — E——

———————— o e S idirein T iy
|| Hybrid Forward and | [0 -+ @ (r+D[ |

| Backward Algorithm S5 X5 J

| vy L 4

Existence state
estimation

| [ Kinematic state
| | estimation

Fig. 1. Information flow of the proposed IMDT-EM algorithm.

kinematic state X'_,, the multipath data association ©F _,
among targets, propagation modes and the measurements
Z% | should be known as a priori. However, the missing
of the data association event ©F , lead to the multipath
multitarget detection and tracking as an incomplete data
estimation problem.

2) Aniterative optimization is needed. The coupling of target
existence state estimation S§_; and target kinematic state
estimation X ¥ ; leads to the necessary of an effective
method for identification and estimation.

The EM algorithm is an iterative optimization procedure to
tackle with maximum likelihood parameter estimation problem
with incomplete data. The well-known probabilistic data asso-
ciation tracker and the PMHT are widely used to solve the joint
target detection and tracking problem. While, in this article, we
propose the JMDT-EM algorithm, based on the EM framework,
to solve the problem of joint target detection and tracking in a
MTMP propagation environment.

III. JOINT MULTITARGET DETECTION AND TRACKING

We first outline some notations for computational and sam-
pling complexity. Then, the information flow of the proposed
JMDT-EM algorithm is given in Fig. 1. The framework of
the IMDT-EM algorithm is presented in Section III-A. The
main components of the JMDT-EM algorithm are described in
detail in Sections III-B and III-C. Finally, the initialization and
termination are discussed in Section III-D.
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Definition 3.1: Define the log-likelihood function £¥ ; and
the O-function as

5271 = logp (Xﬁfz’ Sﬁfla @ﬁ,l, sz

Qry(r) = (Lk Iz lek 1(7), S'Z—Z(T)> 3

<k ok . . .
where X, _,(r) and S},_,(r) are the rth iteration cycle estima-
tion of target existence state ST , and target kinematic state
X*_,, respectively.

1z @)

Definition 3.2: Define the posterior probability wjm (t,i,n)
of the association event, the prior probability Kyn) (t,i,n) of the
association event and the observation merit function £ ](T) (t,i,n)
at jth time instant and rth iteration cycle as

in —~k ~k
@' )(ta%”) (Ht Zi. lan—l(r)vsk—l(r)) ©))
(T)(t,z,n) = (0;’1"”|st7j7:ct1j,zt7j) (10)
T . A i.’l’L
gj( )(t,z,n) =p (Z’mj ‘957 ' 7St,j7wt,j) . (11)

A. Framework of the Proposed JMDT-EM Algorithm

The proposed IMDT-EM algorithm mainly contains two iter-
ative steps [26], [27].

E-step
k k ko oF
Qpy(r)=E (‘Ckfl|Zk—la Xy (1), Sk—l(r)) . (12)
M-step
~k ~k
{Xk_l(r—l—l),Sk_l(r—i-l)}: arg max Qﬁ_l(r) (13)

k k
Xi-1»Sk1

where r denotes the rth iteration cycle. The E-step is engaged to
calculate the conditional expectation for the data association
©F , using the current estimation of target existence state

~k —k
S, (r) and kinematic state X ,, ,(r") and measurements Z_,.
The M-step provides an updated estimations of target exis-

tence state g’:, ;(r + 1) and target kinematic state 3(\:, [(r+1)
through maximizing Q-function QF , (7). Furthermore, a hybrid
forward and backward algorithm for tackle the coupling of target
existence state and target kinematic state is provided during
M-step.

B. Preprocessing

In order to eliminate highly infeasible association hypothesis
events among targets, propagation modes, and measurements,
gating technique is often used, which can further reduce the
computational cost. The validation region is an n,-dimensional
ellipse, which is defined as follows:

Viik(M) ={znk € Zk:D(znx—Z1ik, Prir) <n} (14)

where n_. is the dimension of the candidate measurement,
Zeik = hy (it i) is the predicted measurement, P ;) =
R, +H,; <I>t x(H; ) is the associated innovation covariance

and [-]7" denotes transpose operations of a matrix. Ty ks ‘I’m
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denote the target kinematic state estimation and the corre-
sponding covariance, respectively. H; denotes the Jacobian
matrix of h;. D(-) represents Mahalanobis distance defined by
D(z,X) = 27X 1z. 7! denotes a positive-definite matrix.
[-] 7! denotes the inverse operations of a matrix. The constant 7 is
predetermined to guarantee gate probability equal to p,. Define
the union of valid region for all targets as the valid region for
measurements and the valid volume V}, can be approximated by
Ny
Vi = U max{Vi1k, -

t=1

Vit 15)

C. Key Routines

1) E-Step: The log-likelihood function £
has the following calculation expression:

; defined in (7)

LRy =Ly gy + L5 gy + L5y + Ly (16)
with
1 kT
/31 =S TG Z 10g(|27er,j’)
j=k—1t=1
1 L&
—5 2. 2D (@ fl@y). Q) (D
Jj=k—1t=1
1
ﬁg,k—l =73 0g(|2”2tq<\1 <|)
t=1
1
- 5 Z D (wt,g - it,dl:ga Et,g,q\lzq) (18)

o~

I

o
S

(log(|27fRu|)
1

[
]
ES
L

|

I
N
]~

Il
=

-1t

J

+D (z; — hi (z15) , Ri 5))

k T, I
+y | N " (©;) | log (V;), 05" €6
j=k—1 t=1 i=1
(19)
k
Lh = logp(®;s;)+ > logp(s;|s; 1)+logp(s)
j=k—1 j=k—1
(20)
where¢c =k —1—1, and
p(®ls;) = — N exp(—AVj)
!
e di"(©;) 1-d%"(©;)
<TTTT PaCse))™ 7 (1=pi(se)) @ 7
t=11=1
(2D

d"*(®;) is the detection indicator that refers to whether a
measurement is scattered from target ¢ via path i in © ;. p,(s¢ 1)
denotes the target detection probability for each target ¢ via each
propagation path .
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Proof: See Appendix A.
The Q-function Q’,j_l(r) defined in (8) is given as follows:

oy ,(r) = Qllc,kfl + QIQC,kfl + ng,kfl + Qi,kfl (22)
with

—~k ~k
Qllc,kfl =E (le,k—l‘zzfla X (1), Skfl(r))
1
-3 log ([27Q; ;1)
D (z:; — fi (@ej-1),Qr ;) (23)

—~k ~k
Qg,k—l <£2k z\Zk zanfz(T)’Skfz(T»

T

1
=3 tzzllog (‘27r2t7§7<|1:<|)
1 &
- 5 ; D (mt,s‘ - ﬁtg\l:ga Zt,§,§|1:§) (24)
—k g
Ql{;,kfl =E (ﬁ;’;k,l\zﬁ,l, X q(r), Sk—l(r))
1 k T, 1
S CEPIPHIDY
Jmkod t=1 i=1 iz, €V (n)
(log ([2mR; ;]) + D (25 — hi (x+,5) , R 5))
k
S IERCHIND)
=kl
t,2,n /
xp (0" € 0512y, Xy (1), S_(r)) (25)
k k
Q= > logp(®]s;)+ > logp(s;|s; 1)
=k =kl
+ logp(sc). (26)

Proof: See Appendix B.

2) M-Step: To get the Q-function szl
obtain the posterior probability me (t,4,n) defined in (9) which
can be calculated by Bayes rule

in =k ~k
=P (92 S € 0;|Z]1§—l7Xk—l(T)7Sk—l(r))
K (t,1,m)E 7 (8 ,n)

> Xg )(t i n)f( )(t,z,n)

(r), it is important to

wy') (t,i,n)

I;

M~

t=1i=1n:z, ;jeV;(n)
(27
with
A () = p (0 s g2 )
B (AVJ-)NC(@j)

N exp(—AVj)
il
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(pil(st,j))dj’%ej) (1 - pﬁl(stvj))lfdjﬂ(@j)

(28)

fj(-r)(t,i,n) :p<zj i ,:Bm,sm)
—N (zw (d;i(@j));hi(mt,j),Ri,j) (29)

where N (x; 11, 8) represents the Gaussian probability function
of x with mean £ and covariance §.

Then, a virtual measurement 2“(7") associated with the
tth target and ith propagatlon mode and the corresponding

synthetic-covariance R ‘() are given by

( ; )(t,z,n)z,w)

_ nizg €V;(n)

> = (tin)

nizn ;€V;(n)
el )(t 7, nj)>

(=)
(31

Through putting (27), (30)—-(31) into (22), followed by some
simple algebraic manipulations, the O-function 927 l(r) is
rewritten as

(30)

/N
i
b,mw-
S
—~
=
~
N—
R
I

2.

nizn,€V;(n)

szl(r) =
1 k Ty 1 ~t.i
3 2 330D (5 0 hule). B (1) =) 1)
j=k—lt=1 i=1
1 k T;
5 Z D wt,g ft Lt,j— 1) Qt,j)
j=k-1t=1
1
5 D wtc mtgllmztsﬁ\l §)
t=1
T

AV Ne(©;)
T (A
; fl

(htses)™ () (1 pis) )

ko T T
+ ) Y logp(seglsej1) + Y logp(se) (32)
=kl t=1 =1
with
Vi)=Y @i 33)

n:zy, ;€V;(n)

representing the posterior: probability of the association event
which involves the tth target and ¢th propagation mode corre-
sponding to rth iteration cycle.

Furthermore, on equating the derivative of the right hand of
(32) with respect to X% ;, and S§_; to zero, the MAP state
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—k ~k
estimate of X ;_;(r + 1) and S;,_;(r + 1) is used here

L 1 ( (AV;)Ne(©;)

ZZ]O

t=1 i=1

exp(—AVj)

< (plsia)™ 7 (1~ pa<st7i>>”"’l(@j)>

=0 (34
Ty —wtﬂk p(r+1)
St,j — stj\k: lk(r+1)

where H ; represents the Jacobian matrix of h;.

3) Hybrid Forward—Backward Algorithm for Detection and
Tracking: The problem (34) is difficult to solve. The reason is
that it is a symmetric block tridiagonal nonlinear system and
involves two unknown variable quantities. An approximate and
algebraic manipulation-terse solution is present here.

The posterior probability mass function p(s; jj,—;.;;) of target
existence state is obtained by using a forward—backward algo-
rithm

T
+ ZIOgP(St,j|5t,j—1)
t=1

(8¢ jlk—1:k) = M (35)
E i(MBi(7)
=
where
StJ <Z Q- 1 Wst,j—l (St,j—177)>
x exp (§,j-1(5¢,5-1)) , (36)
1
i(t.5) (Z i+1(7)7s, St,y,v)exp(&,j(v))>
v=0
37
I .
FIEDHEDS ( { )D log (1 — py(st,5))
=1
I ) '
+> B[4 (©;)] 10g (i) (38)
=1

with E[d}(©5)] = 3,2, E[6}""].
Then, putting (35) into (34), (34) is rewritten as

o (2

t=1 i=1

C( 7)
exp(—AVj)
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i db(;) ; 1-dv (@)
X (Pd (s, (T))) (1 - Pd(st,j(r))) )
T; I
1 T ~t,0 -1
-3 2. 2 (Hitee))" (R ()
t=1i=1
x (26(0) = hat@ey) ) = (1,0)
TJ
1 -1
-3 Z Q; (@e,; — Fo(xej-1))
t=1
T;
+ Zlogp (8¢,5]5¢,5-1) =0. (39
t=1

Xy = Ty jlk—rk(r +1)
The solution for state estimation is given

! 2 -
E (t.i ((I)L,g\k: lk:) Lt jlk—l:k

" ). _ 1
Z:le (t’z)<q)?ﬁ,j\k—l:k)

Ty jle—1:k(r +1) =

(40)

-1
-1
D, jppk(r +1) (Zw( (t,i ( t]\k—l:k) ) (41)

wherf: :%i’.j‘k,l:k and.‘ii,jlkil:k is the state smoothigg of ta.rget
t at time instant j via ith propagation mode. This is obtained
through a fixed interval smoother [28], which consists of the
forward and backward filtered outputs

, . -1
Ty jik—t:k = o ik ((I);,ﬂkfl:j) Tt jll—1:j
i 1y
+ (‘I)t,j\jﬂzk) Ty jljt1:k (42)
; ; -1 ; -17-1
P, ki = [((bt,ﬂkl:j) + (‘I’t,j\j+1:k) } (43)

where the forward estimate %i,ﬂ k—l:j> ! lk—l:j and the back-

ward estimate ﬁi‘j+1;k, P! jlj+1: can be obtained by a filter
such as unscented Kalman filter (UKF) or extended Kalman
filter (EKF) [28], [29].

D. Initialization and Termination

1) Initialization: The initial target existence state, target
kinematic state, and corresponding covariances need to be spec-
ified during the initialization of the JMDT-EM system. Having
the great impact on the final tracking results, convergence speed,
and robustness of the system, initialization values without proper
specified will lead to serious tracking performance degradation.
Based on K-means strategy utilizing on cluster results [26] and
the stochastic initialization method by choosing the best one
satisfy local maximum among different initial values, a combine
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Fig. 2. Geometry of OTHR multipath propagation model.

method is used here. In the next section, we illustrate the detec-
tion and tracking results of the proposed JMDT-EM algorithm
with both K-means strategy and stochastic initialization strategy.

2) Termination: One attractive property of the EM algorithm
is the monotonicity of the log-likelihood function, which guar-
antees the algorithm can converge to a point of the posterior
density. Thus, the iteration cycle will be terminated if the it-
erative number reaches a predetermined maximum iterations
or the difference between two consecutive iteration cycle es-
timation results is less than a predetermined value. Notice that
the computation and communication burdens increase linearly
with iterative number; therefore a suitable tradeoff between
performance and cost should be considered.

IV. SIMULATION

The proposed IMDT-EM algorithm applies any multitarget
detection and tracking in the multipath environment in practical
applications, such as the multipath effect of underwater sound
transmission, multipath propagation phenomenon in skywave
OTHR, and multipath effects in millimeter-wave wireless com-
munication. In this section, the performance of the proposed
JMDT-EM algorithm is evaluated based on the OTHR multi-
target tracking scenario. For comparison, the performance of
MD-PDAF, MD-MHT, and JDT-VB are also presented. The sta-
tistical results of the experimental group algorithm (JMDT-EM)
and the control group algorithms (MD-PDAF, MD-MHT, and
JDT-VB) are based on 400 Monte Carlo runs.

A. Simulation Scenario Setting

Assume that the simulation scenario of OTHR multitarget
tracking involves six targets moving in the surveillance region
and uses a two-layer (E layer and F layer) ionospheric model
as [18]. The propagation model is determined by the system
configuration and ionospheric model. Table I gives the details
of the scenario parameter sets. Fig. 2 shows the geometry of
OTHR multipath propagation model. The radar signal from the
transmitter goes through the ionosphere, reflected by one of
the two ionospheric layers, and reaches the target. After being
scattered by the target, the signal returns through the ionosphere,
reflected by one of the two ionospheric layers again, and finally
reaches the receiver. Therefore, four propagation modes can be
generated as follows:

1) EE: transmitted through E layer, received through E layer.

2) EF: transmitted through E layer, received through F layer.

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

TABLE I
SIMULATION SCENARIO SETTING

number of modes 4
ionosphere height (hg, hp) (100km,260km)
T-R distance d 100km

number of dwells 40

time between dwells 16 seconds

range region size 1500-2000km
azimuth region size 0.428-0.608rad
range rate region size -0.524-0.524km/s
number of clutter N, 400/125 points

. . 10-6 107

process noise covariance Q B ( 10-7 10-% |°
1072 10710 D
10710 101

noise covariances R; j, diag 25,16—6,96—6)

measurement matrix h; see Eq. (44)

gate probability P 0.971

initial track confidence 0.2

track existence 0.8

track deletion 0.3

window length [ 5 dwells

threshold of iterative termination &y, le-5

maximum iterative number 7y, gz 10

Note: @ denotes the kronecker product; B(-) denotes blockdiag; R; j are in km?2,
(km/s)?2, (rad)?.

2000
1900
T301,30] \Ts[s,zo]&[so,m]
o 1800 T8{1,201a(20,35]
(@]
c
©
= 1700 - L
T2[1,20]
1600 @ -~ >
1,201 Té[1,101a{15,2518(30,40]
1500 ‘ ‘ ‘ ‘
0.45 0.5 0.55 0.6

bearing

Fig.3. Targets tracking trajectories and lifetime in ground coordinate system.

3) FE: transmitted through F layer, received through E layer.

4) FF: transmitted through F layer, received through F layer.

The look-up table for details of target kinematic state infor-
mation and lifetime information refers to Table II.

Note that the OTHR target kinematic state @x; consists of
ground range py, ground range rate py, bearing by, and bearing
rate by, in ground coordinates. Target-originated measurement zj,
consists of slant range r, slant range rate 7, and azimuth
in slant coordinates. The measurement function which involves
the mapping from x, to zy, is given by [12]

Tk = Ta,k T T8k
) — dsin(b
7.ﬁk:/%(ﬂ/c 4 Pr = dsin( k))
4 T‘mk Tﬁ7k

Pk Sin@k))

Tk

1, = arcsin < 44)
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TABLE II
PARAMETERS SETTINGS OF THE TARGETS

Category Target initial state Lifetime STM F TCTM oo
Target 1 1550,0.22,0.45,5.0e-5 [1,20] I 116 0.75 025 diag(25,1e-6,9e-6,4.5¢e-8
arge (1550,0.22,0.45,5.0¢-5) ; 2@ g 1 0.05 0.95 iag(25,1¢-6,9e-6,4.5¢-8)
1 32 0.75 0.25 .
Target 2 (1600,0.22,0.45,5.0e-5) [1,20] Io ® 0 1 0.05 0.95 diag(25,1e-6,9¢-6,4.5¢-8)
1 25 0.85 0.15 .
Target 3 (1800,0.35,0.49,6.0e-5) [1,30] Ir ® 0o 1 015 0.85 diag(25,1e-6,9¢-6,4.5¢-8)
1 16 0.85 0.15 .
Target 4 (1800,0.22,0.50,4.5¢-5) [1,10]&[20,35] I ® 0 1 015 085 diag(25,1e-6,9¢-6,4.5¢-8)
Target 5 | (1950,-0.22,0.50,4.5¢-5) [5,20]&[30,40] Is ® (1) 210 8?2 gég diag(25,1e-6,9¢-6,4.5¢-8)
Target 6 (1590,0.14,0.58,-8¢-5) [1,10]&[15,25]&[30,40] I ® é 116 822 ggg diag(25,1e-6,9¢-6,4.5¢-8)

Note: Target initial state consist of range, range rate, bearing and bearing rate in km, km/s, rad, and rad/s, respectively. STM and TCTM represent target state
transition matrix and target state confident transition matrix, respectively. 3o represents targets represents target initial state covariance.

2000 . ; —
: i+ w * .| O FF path measurement
IR Y o R * FE path measurement
R BE KT EF path measurement | |
1900 ) :%‘p‘.f * EE path measurement
o . o, o) ”» © Clutter
e
© 1800 1 i T ME } SR
% e T
= 17001 -2, xS odh o
e
Ryeg ol S
1600 (37 % - A
1500
0.45 0.5 0.55 0.6
bearing
Fig. 4. Multipath measurements and clutter in slant coordinate system.
with
2
p
Ta,k = Zk + h%
2 3 2
Py — 2dpy sinby, + d
= : )

where r,, ; and g j, denote the ranges of transmitter and receiver,
respectively. d represents the distance between the transmitter
and the receiver. Instead of linearization required by the EKF,
we use the UKF to estimate target state in this article.

B. Performance Measures

In order to evaluate the proposed algorithm and its control
group algorithms, Three classes of metrics are taken into con-
sideration: track cardinality measures, time metrics, and track
accuracy [30], [31].

1) Track Cardinality Measures: (a) Number of valid tracks
(NVT 1): If a track is associated to only one target and the
associated target is only assigned to the only track. (b) Number of
false tracks (NFT |): If a track is not associated to any target. (c)
Number of missed targets (NMT |): If a target is not associated
to any track.

2) Time Metrics: (d)Track probability of detection (TPD 1):
The radio of the duration that a target is assigned to a valid track
to the duration that the target is present. (e¢) Total execution time
(TET J): The total time needed to run the tracker.

3) Track Accuracy: (f) Error in ground range (EGR ). (g)
Error in range rate (ERR ). (g) Error in bearing (EB |). (i) Error
in bearing rate (EBR |).

Notation: 1 ({) represents the higher (lower) the measure, the
better the performance.

C. Performance Analysis

Fig. 3 shows the true trajectories and corresponding lifetime in
ground coordinate system. The start and end point of a target are
denoted by o and X, respectively. T3 [k1, k2] denotes that target ¢
appears at time instant k1 and disappears at time instant k2. Fig. 4
shows the clutter and multipath target-originated measurements
in slant coordinate when p}, = p} = 0.4, p? = p3 = 0.7, and
N, = 125.

Fig. 5 shows the tracking trajectories obtained by MD-PDAF,
MD-MHT, JDT-VB, and JMDT-EM. Fig. 5(a)—(d) illustrates
the tracking results with p} = pfl = 0.4, pz = pg = 0.7 and
N, = 125. As we can see from Fig. 5(a), all targets are success-
fully tracked. However, during the MD-PDAF process, some
false tracks from clutter and ghost tracks of target 3 and target
4 appear as well. It can be seen from Fig. 5(b) that although
MD-MHT tracks all targets, there are still some ghost track of
target 3, 4, and 5. Besides, some tracks corresponding to target
6 are lost. Fig. 5(c) shows that JDT-VB tracks all targets more
accuracy than MD-PDAF and MD-MHT. From Fig. 5(d), we
can see that JMDT-EM can track all the targets successfully
and achieves better estimation accuracy than related MD-PDAF,
MD-MHT, and JDT-VB when compare transient and steady
state performance. Fig. 5(e)—(h) obtained under the configura-
tion p = p2 = p3 = p} = 0.4 and N. = 400. It can be seen
that all the targets are successfully tracked, which is the same
as the results illustrate in Fig. 5(a)-(d). However, MD-PDAF
and MD-MHT suffer serious performance degradation. More
false tracks from clutter and ghost tracks of target 3, 4, and
5 appear in Fig. 5(e) than that in Fig. 5(a). From Fig. 5(f), it
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Performance Measures for MD-PDAF, MD-MHT, JDT-VB, and IMDT-EM.

Fig. 6 provides the statistical results of MD-PDAF, MD-MHT,

can be seen more ghost tracks appear and more tracks are lost
than that from Fig. 5(b). JDT-VB and JMDT-EM also suffer
some performance degradation, which can be seen in Fig. 5(g)—
(h). Fig. 5(1)—(1) have the same configuration with Fig. 5(a)-
(d) that p}i = pg =04, pfl = pz = 0.7, and N, = 125, except
with single element subsets initialization. It can be seen from
Fig. 5(k) that without proper initialization, JDT-VB has more
ghost tracks in the first few scans and there are also some
tracks lost, while IMDT-EM can still remain satisfying tracking
performance.

JDT-VB, and JIMDT-EM with different path detection probabil-
ity and clutter configuration. As expected, less clutter and higher
detection probability lead to better tracking performance. Partic-
ularly, in the matter of NVT, JMDT-EM performs best and most
robust with respect to detection probability than MD-PDAF,
MD-MHT, and JDT-VB. However, MD-PDAF performs dra-
matically with the detection probability. JDT-VB and MD-MHT
have similar track detection performance which are more robust
than MD-PDAF with different detection probability. In terms of
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Fig.7. Detection performance of MD-PDAF, MD-MHT, JDT-VB, and JMDT-

EM.

NFT, the performance of JMDT-EM and JDT-VB is much better
than those of MD-MHT and MD-PDAF. The advantages are
more obvious especially in large number of clutter case. In the as-
pect of NMT, MD-MHT, and JDT-VB have worse performance
than MD-PDAF and JMDT-EM, which is due to low detection
probability and inappropriate track initialization. In terms of
TET, MD-MHT is much better than MD-PDAF, JDT-VB, and
JMDT-EM in the large number clutter case. However, the TET
of JDT-VB increases dramatically with larger number clutter,
which is caused by track initialization. In terms of the tracking
error, the performance of MD-PDAF is worse than those of
JMDT-EM, JDT-VB, and MD-HMHT. The reason is that based
on the track-level fusion framework MD-PDAF suffers more
performance degradation compared with the measurement-level
fusion based frameworks.

Fig. 7 provides the statistical results on TPD. The last column
has the same parameter settings as the first one except without
proper initialization values. Fig. 7 shows that JMDT-EM per-
forms slightly better than JDT-VB, and outperforms MD-PDAF
and MD-MHT, which due to information fusion at measurement
level to avoid information loss. Furthermore, by using different
initial values, it can be seen that JMDT-EM is more robust than
JDT-VB.

These extensive simulations verify that the proposed IMDT-
EM exhibits excellent performance in the presence of incomplete
data situation and get an appropriate trade-off between diverse
motion situations and estimation performance.

V. CONCLUSION

In this article, we have addressed the problem of joint detec-
tion and tracking for multitarget in multipath environment. A
joint optimation detection and tracking algorithm (JMDT-EM)
based on EM approach is present. The proposed scheme itera-
tively optimizes estimation and data association by alternately
estimating the missing data in E-step and optimizing target state
in M-step. Furthermore, the proposed scheme also provides a
hybrid forward and backward algorithm to solve the coupling of
target existence state and target kinematic state. A convergence
speed up algorithm based on K-means strategy and stochastic
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initialization strategy is also provided. Finally, the experimen-
tal results show that the proposed algorithm achieves a better
detection and tracking performance than existing methods but
also stays stable performance in complex and changeable motion
environment and low SNR circumstance.

APPENDIX A

The log-likelihood function EIIL ; is written as follows:

k
£k7l

log (p (X¥ .8, 28, ©F | Z}11))

log (p(Z,]X,©;,8;))
l

<.

I
v L[~

I
>

+ log (p (XX j-1))

-1

(p (Xia|Z1"1))

J

+lo

o

log (p(©;15;))

log (p (S;]S5;-1))

+log (p (Sk-1-1)) (46)
where the PDF of xj_;_1, ; and zj- (n) are all Gaussian. Thus
Iy
p(X;1X;0) = [[p(=2";-1)

t=1

T
= || N («f: (2} ), QF) A7)
=1
T]
p(Xia1|Z7) = [ e (®hioalzis)
t=1
T
= [N (@5 ®mio1y Zhio1)
=1
(43)

p(Zj|X17 0;, Sj)

J

s .0 g <o

(V})fd;vi(@j), others
(49
where
TJ
p(Z;1X;,0;) =[] p (2}
t=1
T;
=[N (z;;h' (%), R)). (50)
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The relationship between the target existence state and data
association event @ is tightly coupled.

p(©jls;)

3
-

d-(©;)
=1

i

N;!

o+
Il
=

(1) (-

exp(—AV;)

T 1 t,i t,i
JTIT @it ® 7 (0= pitse)) ™ 51
t=1i=1
d"*(©) is the detection indicator that denotes whether a mea-
surement is assigned with target ¢ propagation via path i. p’; (s; 1)
denotes the target existence state-dependent detection probabil-

ity for each target ¢ via each propagation path .

(1]

[2]
(3]
APPENDIX B

According to (9), the Q-function is given as follows: (4]

—~k ~k
Qh () =B (L1125 1, X (), S (1) 5

—~k ~k
=K (‘le,k—l‘zllz—l:Xk—l(r)a Sk—l(r)) (6]

—~k ~k
+E (lec,k—ﬂzllz—z, X (1), Sk (7"))

—~k ~k [7]
+E (ﬁlg,k—ﬂzllz—lv X (1), Sk (T))

~k ok (8]
+E (L'Zk,ﬂzﬁ,l, X (1), Sk—l<r)) . (52)

Through putting (17)—(21) into (52), the Q-function is rewritten
as

(91

[10]
k k k k k
Q1) =Qf o+ Q3+ Q3 g + Qi

with

(53)
i
log ([27Q, ;)

J [12]

1
’ 2
[13]
[14]

[15]

[16]

M=

[17]

|
o~
-+

=li=1nz, ;€V;(n)

(log (|27 R ;|) + D (25 — hi (z+,5) , Ri5)) (18]

(1-5(©,))log <vj>)

j=k—1 [19]

i,mn =k ok
X p (9; e 9;|Z£717Xk71(r)75k4(7“))
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k
Qip = Z log p(©js;) +
=h-1 j

logp (sjlsj-1)
l

+ log p(se).

. —~k ~k
where p(0;"" € 0)|Z;_;, X, (r), S}, (r)) is given in (28).

REFERENCES

Y. Bar-Shalom and X. R. Li, “Multitarget multisensor tracking: Principles
and techniques,” IEEE Aerosp. Electron. Syst. Mag., vol. 16, no. 1, p. 93,
Feb. 1996.

G. W. Pulford, “Taxonomy of multiple target tracking methods,” IEEE
Proc. Radar, Sonar Navigat., vol. 152, no. 5, pp. 291-304, Nov. 2005.
X.Y.Liuetal., “CDC: Compressive data collection for wireless sensor net-
works,” IEEE Trans. Parallel Distrib. Syst., vol. 26, no. 8, pp. 2188-2197,
Aug. 2015.

C. Gao, H. Liu, S. H. Zhou, H. T. Su and J. K. Yan, “Maneuvering target
tracking with recurrent neural networks for radar application,” in Proc. Int.
Conf. Radar, 2018, pp. 1-5.

L. Kong et al., “Data loss and reconstruction in wireless sensor net-
works,” IEEE Trans. Parallel Distrib. Syst.,vol.25,no. 11, pp. 2818-2828,
Nov. 2014.

Z.H. Li, H. T. Su, S. H. Zhou and Q. Z. Hu, “Signal fusion-based targets
detection in the presence of clutter and subspace interference for multiple-
input-multiple-output radar,” IET Radar, Sonar Navigat.. vol. 13, no. 1,
pp. 148155, Jan. 2019.

K. Granstrom, M. Baum, and R. Stephan, “Extended object tracking:
Introduction, overview and applications,” J. Adv. Inf. Fusion, vol. 12,
pp. 1-18, 2016.

M. Zhou, J. J. Zhang, and A. PapandreouSuppappola, “Multiple target
tracking in urban environments,” IEEE Trans. Signal Process., vol. 64,
no. 5, pp. 1270-1279, Mar. 2016.

L. Li and J. L. Krolik, “Simultaneous target and multipath positioning,”
IEEE J. Sel. Topics Signal Process., vol. 8, no. 1, pp. 153-165, Feb. 2014.
S.J. Davey, G. A. Fabrizio and M. G. Rutten, “Detection and tracking of
multipath targets in over-the horizon radar,” IEEE Trans. Aerosp. Electron.
Syst., vol. 55, no. 5, pp. 2277-2295, Nov. 2018.

T. Sathyan, T. J. Chin, S. Arulampalam, and D. Suter, “Amultiple hypoth-
esis tracker for multitarget tracking with multiple simultaneous measure-
ments,” IEEE J. Sel. Topics Signal Process., vol. 7, no. 3, pp. 448-460,
Jun. 2013.

G. W. Pulford, “OTHR multipath tracking with uncertain coordinate
registration,” IEEE Trans. Aerosp. Electron. Syst., vol. 40, no. 1, pp. 38-56,
Jan. 2004.

X. Tang, X. Chen, M. McDonald, R. Mahler, R. Tharmarasa and
T. Kirubarajan, “A multiple-detection probability hypothesis density fil-
ter,” IEEE Trans. Signal Process., vol. 63,n0. 8, pp. 2007-2019, Apr. 2015.
B. Habtemariam, R. Tharmarasa, T. Thayaparan, M. Mallick, and
T. Kirubarajan, “A multiple detection joint probabilistic data association
filter,” IEEE J. Sel. Topics Signal Process., vol. 7, no. 3, pp. 461-471,
Jun. 2013.

K. C. Chang and Y. B. Shalom, “Joint probabilistic data association
for multitarget tracking with possibly unresolved measurements and
maneuvers,” IEEE Trans. Autom. Control, vol. 29, no. 7, pp. 585-594,
Jul. 1984.

M. L’azaro-Gredilla, S. V. Vaerenbergh and N. D. Lawrence, “Overlapping
mixtures of Gaussian processes for the data association problem,” Pattern
Recognit., vol. 45, no. 4, pp. 1386-1395, 2012.

L. Zheng and X. Wang, “Improved multiple hypothesis tracker for joint
multiple target tracking and feature extraction,” IEEE Trans. Aerosp.
Electron. Syst., vol. 55. no. 6, pp. 3080-3089, Dec. 2019.

T. Sathyan, T. JunChin, S. Arulampalam, and D. Suter, “A multiple hy-
pothesis tracker for multitarget tracking with multiple simultaneous mea-
surements,” IEEE J. Sel. Topics Signal Process., vol. 7, no. 3, pp. 448-460,
Jun. 2013.

X. Tang, X. Chen, M. McDonald, R. Mahler, R. Tharmarasa, and
T. Kirubarajan, “A multiple detection probability hypothesis density
filter,” IEEE Trans. Signal Process., vol. 63, no. 8, pp.2007-2019,
Apr. 2015.



LI et al.: JOINT MULTITARGET DETECTION AND TRACKING IN MULTIPATH ENVIRONMENT USING EXPECTATION MAXIMIZATION ALGORITHM 10347

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

T. De Laet, H. Bruyninckx, and J. De Schutter, “Shape-based online
multitarget tracking and detection for targets causing multiple measure-
ments: Variational bayesian clustering and lossless data association,”
IEEE Trans. Pattern Anal. Mach. Intell., vol. 33, no. 12, pp. 2477-2491,
Dec. 2011.

H. Lan, S. Sun, Z. Wang, Q. Pan and Z. Zhang, “Joint target detection
and tracking in multipath environment: A variational Bayesian approach,”
IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 3, pp.2136-2156.
Jun. 2020.

M. Ye, J. Shen, G. Lin, T. Xiang, L. Shao and S. C. H. Hoi, “Deep
learning for person re-identification: A survey and outlook,” in /EEE
Trans. Pattern Anal. Mach. Intell., to be published, Jan. 2021, doi:
10.1109/TPAMI.2021.3054775.

M. Ye, J. Shen, X. Zhang, P. C. Yuen and S.-F. Chang, “Augmentation
invariant and instance spreading feature for softmax embedding,” IIEEE
Trans. Pattern Anal. Mach. Intell., to be published, Aug. 2020, doi:
10.1109/TPAMI.2020.3013379.

G. McLachlan and T. Krishnan, The EM Algorithm and Extensions, 2nd ed.
New York, NY, USA: Wiley, 2008.

M. V. Akinin, A. V. Akinina, A. V. Sokolov and A. S. Tarasov, “Application
of EM algorithm in problems of pattern recognition on satellite images,”
in Proc. 6th Mediterranean Conf. Embedded Comput., 2017, pp. 1-4.

S. H. Yan, L. Y. Li, Z. Y. Fei and H. Xu, “Accelerating EM missing data
filling algorithm based on the k-means,” in Proc. 4th Annu. Int. Conf. Netw.
Inf. Syst. Comput., 2018, pp. 401-406.

H. Lan, Y. Liang, Z. Wang, F. Yang, and Q. Pan, “Distributed ECM
algorithm for OTHR multipath target tracking with unknown ionospheric
heights,” IEEE J. Sel. Topics Signal Precss., vol. 12, no. 1, pp. 61-75,
Feb. 2018.

G. Wang, Y. Zhang and X. Wang, “Maximum correntropy rauch-tung-
striebel smoother for nonlinear and non-Gaussian systems,” IEEE Trans.
Autom. Control, vol. 66, no. 3, pp. 1270-1277, Mar. 2021.

G. Wang, Y. Zhang, and X. Wang, “Iterated maximum correntropy
unscented Kalman filters for non-Gaussian systems,” Signal Process.,
vol. 163, pp. 87-94, May 2019.

D. Schuhmacher, B. T. Vo, and B. N. Vo, “A consistent metric for per-
formance evaluation of multi-object filters,” IEEE Trans. Signal Process.,
vol. 56, no. 8, pp. 3447-3457, Aug. 2008.

A. A. Gorji, R. Tharmarasa and T. Kirubarajan, “Performance measures
for multiple target tracking problems,” in Proc. 14th Int. Conf. Inf. Fusion,
2011, pp. 1-8.

Zhihua Li (Student Member, IEEE) currently
working toward the Ph.D. degree in signal and
information processing with the National Key

— — Laboratory of Radar Signal Processing, Xidian
- University, Xi’an, China.
e She was a Visiting Scholar with the Electrical
- Engineering Department, Columbia University, NY,
M USA from October 2018 to May 2020. Her main

research interests are in the fields of OTHR signal
processing, adaptive target detection, and statistical
signal processing.

Hongtao Su received the B.Eng., M.Eng., and
Ph.D. degrees in electronic engineering from Xidian
University, Xi’an, China, in 1997, 2000, and 2005,
respectively.

He is currently a Professor with the National Key
Laboratory of Radar Signal Processing, Xidian Uni-
versity. His main research interests are in the fields
of HF OTHR signal processing, adaptive array signal
processing, and statistical signal processing.

Xiao-Yang Liu (Graduate Student Member, IEEE)
He received the Ph.D. degree in computer sci-
ence from Shanghai Jiao Tong University, Shanghai,
China, in 2016, the M.S. degree in electrical engineer-
ing from Columbia University, New York, NY, USA,
in 2017, and the Ph.D. degree in electrical engineering
from Columbia University, in 2020.

He is currently a Post Doctorate with the De-
partment of Electrical Engineering, Columbia Uni-
versity. His research interests include tensor theory,
non-convex optimization, deep learning, Big Data
analysis, and data privacy.

Guoqing Wang received the B. S. degree from China
University of Mining and Technology (CUMT),
Xuzhou, China, in 2014, and the Ph.D. degree from
Harbin Engineering University, Harbin, China, in
2019.

From October 2017 to May 2019, he has been
a Visiting Scholar with the Electrical Engineering
Department, Columbia University, New York, NY,
USA. He is currently an Associate Professor with
CUMT. His research interests focus on state esti-
mation, information fusion, and their applications in
navigation technology.

Mengdao Xing (Fellow, IEEE) he was born in
Zhejiang, China, in November 1975. He received the
B.S. and Ph.D. degrees in electrical engineering from
Xidian University, Xi’an, China, in 1997 and 2002,
respectively.

He is currently a Full Professor with the Academy
of Advanced Interdisciplinary Research, Xidian Uni-
versity. He is also with the National Key Labora-
tory of Microwave Imaging Technology, Institute of
Electronics, Chinese Academy of Sciences, Beijing,
China. He has authored or coauthored two books and
more than 200 papers. His research interests include synthetic aperture radar,
inverse SAR, and sparse signal processing.


https://dx.doi.org/10.1109/TPAMI.2021.3054775
https://dx.doi.org/10.1109/TPAMI.2020.3013379


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


