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Abstract

The problem of tracking and monitoring moving targets using mobile sensor agents (MSAs) is relevant to a variety of
applications, including monitoring of endangered species, civilian security, and military surveillance. This paper presents a
new information potential field approach for computing the motion plans and control inputs of a MSA, based on the
feedback obtained from a modified particle filter used for tracking multiple moving targets in a region of interest. A mod-
ified particle filter is presented that implements a new sampling method based on supporting intervals of normal prob-
ability density functions. The method accounts for the latest sensor measurements by adapting a mixture representation
of the target probability density functions (PDFs). The target motion is modeled as a semi-Markov jump process, such
that the target PDFs, or the PDFs of the Markov parameters, can be updated based on real-time sensor measurements
by a centralized processing unit or MSAs supervisor. A new information potential method is presented that computes an
artificial potential function based on the output of the modified particle filter. Using this artificial potential, the sensors

compute feedback control inputs that allow them to track and monitor a maneuvering target over time, using a bounded
field of view (FOV).

Keywords
target tracking, monitoring, surveillance, mobile sensor networks, multi-agent systems, information value, potential field,
particle filtering

I. Introduction

The problem of tracking and monitoring maneuvering tar-
gets using one or more mobile sensor agents is relevant to
a variety of applications, including monitoring of urban
environments,' tracking anomalies in manufacturing
plants,” and tracking of endangered species.’ A mobile
sensor agent (MSA) is defined as an autonomous vehicle
equipped with embedded wireless sensors and communi-
cation devices. Many modern surveillance systems deploy
MSAs to detect and track moving targets based on limited
information that only becomes available when the target
enters the sensor’s field of view (FOV) or visibility region.
The sensor’s FOV is defined as a compact subset of the
region of interest (ROI), in which the sensor can obtain
measurements from the targets. Similarly to traditional

robot path planning methods which consider the geome-
tries of the robots and obstacles to avoid collisions, in

" Laboratory for Intelligent Systems and Control (LISC), Department of
Mechanical Engineering and Materials Science, Duke University,
Durham, NC, USA

2 Multi-Agent, Robotics, Hybrid, and Embedded Systems ( Marhes),
Laboratory Department of Electrical and Computer Engineering,
University of New Mexico, Albuquerque, NM, USA

Corresponding author:

W Lu, Laboratory for Intelligent Systems and Control (LISC),
Department of Mechanical Engineering and Materials Science, Duke
University, Durham, NC, 27708, USA.

Email: wenjie.lu@duke.edu

Downloaded from dms.sagepub.com at DUKE UNIV on October 22, 2012


http://dms.sagepub.com/

2 Journal of Defense Modeling and Simulation: Applications, Methodology, Technology 0(0)

sensor path planning it is possible to consider the geo-
metries of the FOV and the targets to compute paths that
enable sensor measurements.*’ In this paper, the MSA
path plan and controls are computed such that the tracking
performance of the sensor is optimized and such that, once
a track is estimated, the MSA can maintain the moving
target within its FOV for monitoring purposes.

Recently, cell decomposition® and probabilistic road-
map methods® have been developed for solving sensor
path planning problems for stationary targets. A computa-
tional geometry approach has also been developed to max-
imize the probability of detection for moving targets in a
pre-defined ROL’ Visibility-based methods have been pro-
posed to account for the sensor’s dynamics and FOV geo-
metry in robot landmark navigation.'®'* A hybrid method
based on line transversals and cell decomposition has been
developed to track and pursuit maneuvering targets using
MSAs, in order to capture the targets once their tracks are
formed from multiple detections."® Existing methods,
however, do not account for the uncertainty associated
with tracking a moving target that may be maneuvering
unexpectedly at any time in the ROI. In fact, in addition to
the uncertainty associated with environmental conditions
and noisy sensor measurements, if a target unexpectedly
changes heading and velocity, it may escape the sensor’s
FOV and never be detected again.

The information potential method developed in this
paper allows the MSA’s path plan and control to take into
consideration a probabilistic model of the target maneuvers
that is constantly updated with real-time measurements.
Based on this model, and on the geometry of the FOV, the
MSA path is computed such that the sensor can monitor
the target. In other words, the information potential method
maintains a predefined distance between the MSA plat-
form and the target, such that the target remains inside the
sensor’s FOV at all times. The stability of the resulting
sensor control law is guaranteed using Lyapunov stability
theory. One approach to modeling moving targets in target
tracking is to use a linear dynamical system with random
disturbance inputs.'>'® Then, under proper assumptions
that include additive random noise with a Gaussian distri-
bution, the target state can be estimated from frequent
observations of its measurable output, using a Kalman fil-
ter.?® This approach is well suited to long-range high-accu-
racy sensors, such as radars, and to moving targets with a
known dynamical model and initial conditions. However,
most of these underlying assumptions are violated in mod-
ern applications of MSAs, because the targets’ motion
models are unknown, and, possible, random and nonlinear.
Also, due to the use of low-cost passive sensors, measure-
ment errors and noise may be non-additive and non-
Gaussian.

An extended Kalman filter (EKF) can be used when the
system dynamics are nonlinear, but can be linearized about

nominal operating conditions.”’ An unscented Kalman fil-
ter (UKF) method, based on the unscented transformation
(UT) method, can be applied to compute the mean and
covariance of a function up to the second order of the
Taylor expansion.”>** However, the efficiency of these fil-
ters decreases significantly when the system dynamics are
highly nonlinear, and when the random effects are non-
Gaussian. Recently, a non-parametric method based on
condensation and Monte Carlo simulation, known as a par-
ticle filter, has been proposed for tracking multiple targets
exhibiting nonlinear dynamics and non-Gaussian random
effects.?* Particle filters are well suited to modern surveil-
lance systems because they can be applied to Bayesian
models in which the hidden variables are connected by a
Markov chain in discrete time, but the target state is con-
tinuous, as in Markov motion models.

In the classical particle filter method, a weighted set of
particles or point masses are used to represent the prob-
ability density function (PDF) of the target state by means
of a superposition of weighted Dirac delta functions.*> At
each iteration of the particle filter, particles representing
possible target state values are sampled from an impor-
tance density function.”® The weight associated with each
particle is then obtained from the target-state likelihood
function, and from the prior estimation of the target state
PDF. When the effective particle size is smaller than a
predefined threshold, a re-sampling technique can be
implemented.?” One disadvantage of classical particle-
filtering techniques is that the target-state transition func-
tion is used as the importance density function to sample
particles, without taking new observations into account.”®
As a result, when the target state transition function is
much broader than the likelihood function, few sampled
particles have proper locations and weights. An improved
particle filter, the unscented particle filter (UPF), has been
proposed”® to overcome this difficulty, by combining UKF
and the particle-filtering technique. The UKF generates a
proposed distribution in which the current measurements
are considered, and then the distribution is used as the
importance density to sample particles. Another disadvan-
tage of existing particle filters is that the point-mass repre-
sentation provides limited information about the estimated
PDF of the target state, and does not account for the tar-
gets’ dynamic equations.

This paper presents a new sampling method and a new
representation for the approximation of the target state
PDF that also accounts for the target dynamics. In the pro-
posed method, the target dynamics are modeled by a semi-
Markov jump process, and the particles are sampled based
on the supporting intervals of the target-state likelihood
function and the prior estimation function of the target
state. In this case, the supporting interval of a distribution
is defined as the 90% confidence interval.”’ The weight
for each particle is obtained by considering the likelihood
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function and the transition function simultaneously. Then,
the weighted expectation—maximization (EM) algorithm is
implemented to use the sampled weighted particles to gen-
erate a normal mixture model of the distribution. Unlike
the Dirac-delta representation, the normal mixture model
of the target-state PDF can then be easily combined with
the target-dynamic equation. The computational complex-
ity of implementing the EM algorithm is limited since the
initial guess of the algorithm at a time step is the normal
mixture model representation obtained in the previous time
step with some disturbance.

The paper is organized as follows. Section 2 describes
the target tracking and monitoring problem formulation
and assumptions. The background on the particle filter and
potential field methods is reviewed in Section 3. Section 4
presents the modified particle-filter information potential
method. The method is demonstrated both through numer-
ical simulations and results, presented in Section 5, and
through physical experiments, presented in Section 6, con-
ducted at the University of New Mexico’s Multi-Agent,
Robotics, Hybrid and Embedded Systems (MARSHES)
Laboratory. Conclusions and future work are described in
Section 7.

2. Problem formulation and assumptions

The problem considered in this paper consists of determin-
ing the motion and control law of a MSA, indexed by
i € Is, deployed for the purpose of tracking and surveilling
a moving point-mass target, indexed by j eIy, in a ROI
comprising a bounded, two-dimensional Euclidian work-
space WW € R?, where I and I denote the index sets of the
network of MSAs and targets, respectively. It is assumed
that the assignment problem has been resolved through a
multitarget—multisensor data association and assignment
algorithm.>*>! The MSA is characterized by a platform
geometry A; € R?, and by a bounded FOV S; e R?. F 4 is
a moving Cartesian frame embedded in A4;, such that every
point of A; and every point of S; have fixed positions with
respect to F 4,. Then, using a suitable transformation, the
ith sensor state Y =[x yi X' #IT can be used to specify
the position and orientation of all points in A; and S; at ¢,
with respect to a fixed inertial frame F)y, embedded in W.
Where, x!' and y} are the coordinates of the ith sensor in
Fyw, and xf' and pf are the linear velocities in Fyy, and
Vi = [&F, yl] Now, let p; denote the geometric distance
between the origin of F 4, and its nearest target j in WV.
Then, the objective of the ith MSA is to maintain p; within
a predefined range,

(1)

while avoiding a set of known, fixed, and rigid obstacles
in W, denoted by B, [ € Iz, where 5 is an obstacle index

Po = Py = P

set and p, and p, are constant parameters specified by the
user.

In this paper, it is assumed that the FOV of every sen-
sor i € [ is a disk with radius ». The sensor dynamics are
assumed to be linear and time invariant (LTI), and are dis-
cretized with respect to time, such that the sensor state
transition function can be written in state-space form as

0
=AY+ [ 0 |uf,
)

yrt! for k=0, 1,

(2)

where & is the time index, § is the time span between 77 *!
and ¢, u; € R? is the control vector, vi =u/f, and

>
ll

1)
0
1 ()
0

—_—0 O O

1 0
0 1
0 0
0 0

For simplicity, the sensor geometry is assumed to only
translate in WV, such that the heading of the sensor is main-
tained constant at all times.

The motion of target j € I is modeled as a continuous-
time Markov motion process, also known as semi-Markov
jump process,>> where we say that x, is a continuous-time
Markov process if for 0 <ty < --- <tr_; <tp <t
we have Pr(x;€B|xy =Sk, Xk—1=5Sk_1, ..., Xo=50)=Pr(x, €
Blx;=sy). Here Pr denotes the probability transition func-
tion, and sy, ...,s,€X are realizations of the state space
X. Now, let the random variables Oj]f and v]’? represent the
jth target’s heading and velocity, respectively, during the
time interval Aty=(t;+1 —t;), k=1,2, .... Then, the target
motion can be modeled as a continuous-time Markov pro-
cess with a family of random variables {x ,ij VY where
X; kW is the jth target position at 7. A three dlmensmnal
real valued vector function maps the family of random
variables {Qk k %} into the random vector x;(#), such that
the value of the target motion process is given by
sin 6;(1)]",

X;() = v(1)[cos 6;(1) (4)

and, therefore, the motion of target j is a Markov process.
The third component of the vector function is the identity
function. It follows that 6; and v; are piecewise constant,
while x; has discontinuities at the time instants #;, when
the target j changes its heading and velocity. In this paper,
it is assumed that the instants when the target changes its
heading are known a priori, and all targets move at a con-
stant speed v; =v. Also, it assumed that all time intervals
are of constant length, i.e. At; = t, for Vk.

Now, let Xk [x] 9]]‘] denote the jth target state at
time step k. The probability transition function for the
target heading at the instant 7, of a discontinuity, is
defined as
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ST 0 =NO| w+65, 0% (5)

where the mean of heading change u and the variance of
the heading change o are constant parameters that are
assumed known a priori. The target heading remains con-
stant during every time interval Afy, The target state tran-
sition function at every discontinuity is given by

cos (Gk )TV
sin (Gk)tv )

N(M, o?)

for Vk.

XiH =Xf+ (6)

where 7 is the known length of the time interval Aty.

The MSAs attempt to obtain measurements of the tar-
gets’ positions once with a frequency of 1/§ (Hz), where
8 < 1. Thus, if at time instant 7,;, the jth target is inside the
ith sensor’s FOV, then the ith MSA can obtain a measure-
ment of the jth target position,

Z:j'r = XjK + Vij <= Xj(l‘,‘;) € S,’ (7)
where X is the jth target’s position at time 7,;, and vj is a
white-noise error with standard deviation X;. If
X;(f;) ¢ S;, no measurements are returned to the ith sensor.

3. Background
3.1 Particle filter methods

The particle filter technique is a recursive model estima-
tion method based on sequential Monte Carlo simulations.
It is applicable to nonlinear system dynamics with non-
Gaussian random inputs. Moreover, because of their recur-
sive nature, particle filters are easily applicable to online
data processing and variable estimation. The main idea of
particle filters is to represent the PDF functions with prop-
erly weighted and relocated point masses, known as parti-
cles. These particles are sampled from an importance
density which is crucial to the particle filter algorithm. Let
{x# X', W N =1 denote the weighted particles that are used
to approxrmate the posterior PDF f(x’ |Z ;") for the jth tar-
get at t,,, where Z' = {z NN denotes the set of all
measurements obtarned by sensor i, from target j, up to ¢,.
Then, the posterior PDF of the target state, given the mea-
surement at 7z, can be modeled as,

N
ﬂmm_zwm) > wr
p=1

where wi'  is non-negative and § is the Dirac delta func-
tion.>* Although different particle filter techniques have
been proposed,”® the techniques always consist of the
recursive propagation of the particles and the particle

(8)

weights. In each iteration, the particles X7, are sampled
from the importance density ¢(x). Then, weight ka p 18
updated for each particle by

P )

PG, q(x}’,) ®)
where p(x/ ) X f (x¥ |Z”) In addition, the weights are
normalized at the end of each iteration.

Since the target state transition function is often used as
the importance density function without considering the
available new measurement, the sampled particles can not
fully represent the target state estimation. Another com-
mon drawback of particle filters is the degeneracy phe-
nomenon,”® i.e. the variance of particle weights
accumulates along iterations. This phenomenon indicates
that a number of particles have low weights and no contri-
butions in approximating the probability density function
Sx7 | z;) but put heavy computational burden to the algo-
rithm. The number of particles with high weights is not
sufficient to provide a good approximation. A common
way to evaluate the degeneracy phenomenon is the effec-
tive sample size N,,*’ obtained by

1
Ne= S 7 o)

where w]’” pP= 1,2, ..., N are the normalized weights. In
general, a re-sampling procedure is taken when N, < Ng,
where N is a predeﬁned threshold, and is usually set as & >
Let {x,, w } _, denote the partrcle set that needs to be
re-sampled, and let {x s } _ denote the particle set
after re-sampling. The main 1dea of this re-sampling proce-
dure is to ehmlnate the partlcles havmg low weights by

re-sampling {xl p w]”p ,1 from {x X, Wi, g,l with the
probability of P}, = x J=wi At the end of the resam-

pling procedure w , p =1, 2 ,N are set as 1/N.
However, the resamphng procedure repeats the particles
with high weights a number of times stochastically. This
leads to diversity loss of particles.

In this paper, a modified particle filter approach with a
new sampling method based on supporting intervals of
PDFs is proposed. The advantage of the proposed sam-
pling method is that the latest measurement by sensors is
taken into account when particles are sampled. As a result,
the sampled particles can more efficiently approximate the
estimation. Moreover, a mixture Gaussian is used to repre-
sent the PDF of the target state instead of a set of properly
weighted and located point-mass approximations by
Dirac delta functions in order to avoid the degeneracy
phenomenon.
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3.2 Potential Field

The potential field method is a robot path planning tech-
nique that uses an artificial potential function to find the
obstacle-free path in an Euclidean workspace. The geome-
tries and positions of the obstacles and targets are consid-
ered as sources to construct a potential function U which
represents the characteristics of the workspace. Although
different approaches have been proposed to generate the
potential function based on obstacles’ geometries® >,
typically the potential function consists of two compo-
nents, the repulsive potential U,,, generated by the obsta-
cles,’® and the attractive potential U, generated by the
robot goal configuration

U(q) = Uan(q) + Urep(@), (11)

where q =[x y 6] is the robot configuration in ¥, which
specifies the robot’s position (x and y coordinates) and
orientation () with respect to Fyy.>° Recently, an informa-
tion potential approach was developed for generating an
attractive potential based on target geometries and infor-
mation value in sensor path planning problems, such as the
treasure hunt.” Once the potential is generated, a virtual
force is applied on the robot that is proportional to the neg-
ative gradient of U, and can be implemented through a
suitable control law, such that U constitutes a Lyapunov
function that may be utilized to prove closed-loop stability.

For a robot with a finite platform geometry A, the
potential field is generated by taking into consideration
the robot configuration space C, and the corresponding
obstacles’ geometries B. A C-obstacle is defined as the
subset of C that causes collisions with at least one obstacle
in W, ie. CB={qeC|AQNB, # F}, where A(q)
denotes the subset of VW occupied by the platform geome-
try A when the robot is at the configuration q. The union
of all C-obstacles in W is referred to as the C-obstacle
region. Thus, in searching for targets in WV, the robotic
sensor is free to rotate and translate in the free configura-
tion space, which is defined as the complement of the
C-obstacle region CB in C, i.e. Cpee = C\CB.36

Then, the repulsive potential can be represented as

1 (L_L)z
Urep(@ =< 2T\ @~ 7,
0

where n is a scaling factor, p(q) is the distance between
the robot and the nearest obstacle in Euclidean space, and
po 1s a constant parameter that is chosen by the user. The
attractive potential is given by

P

it p(q) < p
if  p(q) > py

(12)

1
Uu(q) = Egpéual(q)’ (13)

where ¢ is a scaling factor, and pg,,(q) is the distance
between the robot and the goal configuration. In (12) and
(13), only the obstacle closest to q is considered to gener-
ate U,,p(q), and the target is assumed to be a single point
in Cpe. This makes the potential function difficult to
update when new obstacles and targets are sensed during
the path execution, because for each value of q, the poten-
tial needs to update by computing its distance from the
closest obstacle and target. The next section presents a
modified potential function that takes the target Markov
properties into account in order to minimize the distance
traveled by the MSA.

4. Methodology

The information potential method presented in this paper
can be used to compute the path plan and control law for a
MSA that must monitor a moving target, based on the
tracking information provided by a modified particle filter.
For simplicity, it is assumed that the target velocity is
known and constant, and the time instants at which the
discontinuities take place are known and occur at constant
intervals. However, the methodology can be generalized,
and these assumptions relaxed, by computing the PDFs of
all Markov parameters using the proposed particle filter.
Here, the particle filter technique is used to obtain the
PDF of the target heading, and to update it with every new
measurement z; over time. In the proposed method, a
finite normal mixture is utilized to represent the PDF of
the target heading,

fO)=> wN@O| o), > m=1, m=0VL,

(=1 (=1
(14)

where f(-) is used to denote a PDF of the arguments in
parenthesis, m is the number of normal components, which
is assigned a user-defined upper limit M. Here p, and oy
are the mean and variance for ¢th normal component. Prior
to obtaining target measurements, the number of compo-
nents is set to m =M, p, is uniformly sampled from the
interval [—m 7], and oy is chosen equal to a user-defined
value 0. Let ;' denote the measurement obtained by sen-
sor i at t, as shown in (7). Then, the PDF of the jth tar-
get’s heading at 7., based on the set Z7, modeled by the
finite normal mixture,

FON 28y = > m N gy (of D) (19)
(=1

is updated based on the target transition probability func-
tion (5). Since the change in the target state is character-
ized by a Gaussian distribution,
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elf:Jrl _

0 ~ N, 0%) (16)

the distribution of 9’*1 given Z7, and irrespective of

z ', is given by

O HZ NG o)+ D N 070
~ Z ﬂ;z(/\/’(ﬂ» 02) +N(/’Lﬁl’ (aﬁ@)z))
(=1

~ N+ (0 ) 4 0%) (17)
(=1

and the PDF of the target heading at 7, | is given by

CaRVAE eZn;;ZN(ef“ | 1]+ 1. (0] ) + 02,
=1
(18)

Bayes’ rule is used to compute f (9“5+1 Vi 1) based on
““ andf(dthl | ZF), as follows,

FEGTNZTD —f Tz

K+1|pge+1 K K+ 1 K
f(Zj |0j ’Zj)f(gj |Zj)
AR

o [z 6r L Zf e 2, (19)

where f (zj’?’Ll A " Zj") is determined from the measure-

ment model,

f(Zf’_‘_l |9]/§7+1,Z;:) %f(z;t+l ‘Qf’_‘_l, ih)

o cos (@51
n@—v—&[-* G
)

w41
sin (Gj )

2T ’
J

= —————exp(—
N
J

where Zj is the covariance, v is the target linear velocity,
and X7 is the target position estimation obtained at 7*. The
modified particle filter is used to evaluate equation (19),
where the importance density function is based on the sup-
porting intervals of  distributions. The  PDFs
f(z"|9"+1,Z“) and ]‘(9’”’1 | Z7) are both considered as
dlstnbutlons of 9]““ Let S denote the support interval for
a PDF f(x), and R denote the definitive range for f(x).
Then, the support interval S of f(x) is defined as
J(x)>y,VxeS. Now, let S7" denote the support interval
of f(zf| 9~+1 25 and Sp denote the support interval of
VAC R Z’“ It follows that §=8"US;, where, the impor-
tance densny function for samphng part1cles is defined as

; L ifortles
orthy=qL b 20
SO {0 otherwise (20)
and
_ K41y gor 1 w1 if@f“eS
L= JRg(QJ- LA 8 )_{0 otherwise.
e1)

The weight for each particle is obtained by mixing the
previous target state estimation and the target state likeli-
hood function together simultaneously. By considering
f(z“+1 |9’”1 Zr) andf(@"*1 | Z"), the weight w“+1 for
pth partlcle of ]th target, denoted as 91";;1, is updated as
follows:

R+l _ 7" + 1 pe+1 K k41 K
Wip ‘9/19 ’Z )f('gj»p |ZJ) (22)
The weight for each particle is normalized using the
equation

whitl
c+1_ Yip
W;':p = 1 (23)
2 Wiy

and the weighted EM algorithm, shown in Table 1, is
implemented to obtain a normal mixture representation of
the target heading’s PDF, using weighted particles. After
the target heading is obtained, the target position is esti-
mated based on the sensor measurement obtained during
the latest time interval, using the least-squares error
method.

In order to maintain the distance p;, between sensor i
and target j, within the desired range (1), a new potential
function is proposed as follows. We seek a function U of
the MSA configuration, such that when p;; is less than a
positive threshold p,, U becomes a repulsive potential, and
when p;; is greater than a positive threshold p,;, U becomes
an attractive potential. Let q denote the configuration of
sensor £, and ¢} denote the configuration of target j at 7.
Without con51der1ng the knowledge of the targets’ Markov
property, the potential function for the ith sensor at time 7,
is defined as

1 1 142
j’?(m—p—o) s

Ue(qi) =1 0,
Le(p(q

if p(qf', q7) < po
if py < p(q}, qf) < py
a) — )’ ifpla). af) = py

(24)

and its potential field is referred to as the ‘exact potential
field’. In order to minimize the MSA’s traveling distance,
the target heading at the next time interval, denoted by
F 1 is also considered in the definition of the novel
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Table I. Weighted EM algorithm. F(q)=
1 1\ Ve, q) : Kok
Initialize 31 | "IN Gut ot as 3L | mEN (o) 77(/’(‘17"1,-”) a /’ﬂ) P o, A < oo
Iterate until Y0 | j[r',/\/(uffr' K+') converges 0, L L ?f,oo f pgq/ Q) < py.
for each particle p’ —&(p(@" . q7) — POV (@™ . qF),  ifp(qf, 4F) = py
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cIuster pth partlcle into group G; if 0 > fp.rz0
end
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end
ifrc“' <
K+ _
set T, =0

end
end

potential function. The expected value of 6F*+ 1, denoted
by 6F* !, is obtained from (5)

m
k+1 . .
=E{o/ "'} = § :n;jfe;ﬁu
(=1

(25)

Then, a potential function that takes into account the target
motion can be defined as follows

2

| %’(Wipin) i if p(q;', 47) = po

U= 0 ifpy < ol a) < oy
R 2 ; Ca”

(e ) = p1), i (g, g =y,

(26)
where
. cosgf+! :
o =qira| 0 (@) —p] 27)
sin 6;

and the parameter « is a positive constant defined by the
user. The potential field in (26) is referred to as the “virtual
potential field’.

When the distance between the sensor and the target is
within the predefined interval, the virtual potential field
(26) converges to the exact potential field (24), i.e
U*(qf)=U(q}). The artificial force is provided by the
negative gradient of U*(q}),

F(q))= — VU*(g)), (28)

or, from (26),

Then, as in classical potential field methods,37’38 the feed-
back control law for the MSA can be formulated as a func-
tion of the artificial force, i.e.

u(qy) =& —v))+F(q;). (30)

In order to guarantee closed-loop stability for the feedback
control law (30), the Lyapunov function,

v+ U(q)) (31)

From (2), (30), and (31), the time derivative of the
Lyapunov function in (31) is

1 oK RN\T (¢ K
V:E(xj — Vi) (X} —

V=0 —vi)( = V) = VU (@) —v))

=& —v)(— & —v)+VU(q)))

= VU @) = v = — (& = v) (&7 —vi) < 0.

(32)

Furthermore, V>0 because U*(qf)> 0. It follows from
the Lyapunov stability theorem®” that the MSA control law
in (30) is asymptotically stable, U*(q;’) — 0, and p;; con-
verges to a value within [p, p,].

5. Numerical simulations and results

The effectiveness of the particle-filter information poten-
tial method is demonstrated through two scenarios simu-
lated numerically in Matlab®.** One scenario is used to
test the modified particle filter presented in Section 4, and
assumes that the sensor and the target can be modeled as
point masses. Another scenario considers the geometries of
the MSA, target, and obstacles in the workspace. In the
first scenario, the workspace is an obstacle-free ROI with
dimensions 50 [m] x 50 [m]. A single target that changes
its heading every 10 [s], maneuvers in the ROI at a con-
stant speed of 2 [m/s]. The MSA’s omnidirectional FOV is
chosen to have a radius of 10 [m]. Within the FOV, the
sensor obtains measurements of the target position every
0.3 [s], according to the model in (7), and with a standard
deviation ¥ = diag(0.4, 0.4). The effectiveness of the mod-
ified particle filter is determined based on the estimation
error of the target heading

e=0" — 0", (33)
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where 6" is the estimated target heading estimation, and 6"
is the actual target heading.

A plot of the estimation error associated with first sce-
nario is shown in Figure 1. It can be seen that, at the initial
time, the estimated target heading varies greatly from the
actual target heading, because no prior target information
is available. Once target detections are obtained, however,
the estimation error quickly converges to zero, until the
target maneuvers at times k=1, and k=2. As shown in
Figure 1, at these times the estimation error grows signifi-
cantly because the target suddenly changes direction. As
the sensor obtains new target measurements over time, the
estimation error, once again, goes back to zero. These
simulations illustrate the effectiveness of the modified par-
ticle filter in estimating the target heading from available
sensor measurements.

The particle-filter information potential method is
demonstrated through a second scenario involving one tar-
get with geometry 7, seven obstacles with geometries B,
[=1, ...,7, and an omnidirectional MSA with FOV S,
all shown in Figure 2. The workspace is a ROI with
dimensions 100 [m] x 10 [m], populated with obstacles
modeled as convex polygons. The MSA is considered to
successfully monitor the target when, from (1), it can
maintain a distance p; from the target, where
3 [m] < p; < 4 [m], while simultaneously avoiding colli-
sions with the obstacles. The results, plotted in Figures 2
and 3, show that the path of the MSA allows the sensor to
successfully monitor the target even when the target
maneuvers and momentarily exists the MSA’s FOV.

As shown by a plot of the Euclidean distance between
the sensor and the target, in Figure 3, when the target
maneuvers, as indicated by the vertical dashed lines
(Figure 3), p; exceeds its bounds for a short period of time.
Subsequently, through the modified particle filter output,
the information potential control law (30) forces p; to

2.5

1.51

0.5(1 k=1

Error (Radian)

Time (s)

Figure |. Target heading estimation.
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Figure 2. MSA and target path in an obstacle-populated ROI.
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Figure 3. Time history of the Euclidian distance between
sensor i and target j.

within the required range, such that the MSA can continue
obtaining measurements from the target, while remaining
at a minimum distance of 3 [m] from it. Furthermore, the
modified particle filter is capable of estimating target head-
ing even in the presence of non-Gaussian sensor noise.

6. Physical experiments
6.1 Experimental setup
A physical experiment demonstrating preliminary results

for the scenario in Figure 1, and testing various aspects of
the methodology presented in this paper, was conducted at
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Figure 4. Left to right: Tamiya TXT-1, AscTec Quadrotor, and MARHES flight cage.

the University of New Mexico’s MARHES Laboratory.
The experiment was conducted using the MARHES
Robotic Test Bed (Figure 4), consisting of an AscTec
Quadrotor UAV and a custom robotic hybrid electric vehi-
cle test bed, which is based on a hobbyist RC truck chassis
known as the Tamiya TXT-1. The quadrotor was
employed in the experiment as the sensing agent, and the
TXT-1 was used as the target. The target vehicle is con-
trolled using a custom low-level controller designed in
ROS (Robotic Operating System from Willow Garage) to
feed linear and angular velocity commands from a joy-
stick, and was driven in the experiment by a human opera-
tor. The quadrotor is controlled using a custom LabVIEW
controller via a National Instruments CompactRio, a real-
time control board with commands and telemetry being
transmitted wirelessly from the CompactRio control sta-
tion to the quadrotor via a Zigbee wireless transceiver pair.
This ‘low-level’ control for the quadrotor accepts (x,y)
reference point commands and controls the quadrotor to
move to and maintain a hover state at such a waypoint or
set point.

A Vicon Motion Capture System provides position data
accurately to within 3 [mm], and the data is obtained with
a frequency of around 300 [Hz]. This Vicon data is used
both in the low-level controller for the quadrotor for posi-
tioning data for feedback control, and in the artificial simu-
lated sensor for the sensing agent that is used to measure
target states and detect possible obstacles. The high-level
sensing agent control for conducting the target tracking
experiment was written in Matlab and embedded in
LabVIEW. The artificial sensor and particle filter for esti-
mating target motion, the calculation of potential gradients,
and the position set point control were embedded in
Matlab Script Nodes in LabVIEW. The workspace where
the experiment was being conducted consisted of an
obstacle-free ROI of approximately 3 [m] x 4 [m],
enclosed by a safety net and observed by the Vicon Motion
Capture System. The small size of the workspace necessi-
tated the choice of a small desired monitoring ring of about

0.2 [m] from the target. In this case, target and sensor were
allowed to occupy the same position as they are at different
altitudes. Therefore, the monitoring bound in (1) was given
by 0 < p; < 0.2 [m]. As in previous sections, the target
velocity was assumed known and constant.

6.2 Experimental results

The preliminary experiments showed that the quadrotor
was able to successfully monitor the target using the algo-
rithm described in Section 4. Figure 5 shows that when the
MSA is initially deployed to follow the calculated set
point from the control algorithm, and while the target is
stationary, the MSA moves to a position near the target,
and within the desired 0.2 [m] for target monitoring. Once
the target begins moving, in Figures 6-8, it can be seen
that the MSA infers the target position (from the target
heading) within reasonable accuracy, and moves to con-
tinue monitoring the target over time. Delays were

Experimental Increment = 481
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Target path
2 O Inferred target position
O  Sensing agent
X Sensing agent control point
—— Sensing agent path
1 O Target
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-2
e I I

X axis of workspace (in meters)

Figure 5. Sensing agent control enabled.
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Figure 7. Target motion segment 2.

observed in these initial experiments that we attributed to
timing and communication constraints between Matlab
and LabVIEW. In addition, the distance between target
and the MSA is at times greater than 0.2 [m]. This was
attributed to a need for more precise tuning of the particle
filter parameters and the potential gradient generation.

7. Summary and conclusions

This paper presents an information potential approach for
computing MSA’s motion plans and control inputs based
on the feedback from a modified particle filter used for

Figure 8. Target motion segment 3.

tracking a maneuvering target, based on little or no prior
information. The modified particle filter presented in this
paper implements a new sampling method, based on sup-
porting intervals of density functions. The filter accounts
for the latest sensor measurements, by adapting a normal
mixture representation of the probability density functions
associated with the target motion. In this modified particle
filter, the importance density of the particles is a function
of the latest measurements’ probability distribution, and of
the probability distribution at the previous time step. A
new information potential method for Markov target
motion models is developed to accomplish the MSA objec-
tive of monitoring the maneuvering target, while minimiz-
ing the distance traveled, and avoiding collisions with
potential obstacles. The results of numerical and physical
simulations demonstrate that the modified particle filter is
capable of estimating the target heading, using the pro-
posed supporting interval sampling method and Gaussian
mixture approach. Also, they demonstrate that the MSA is
capable of monitoring the target over time, even in the
presence of sharp maneuvers, and in the absence of an
accurate target motion model.
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