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Abstract

In this paper a new potential field approach is suggested for
the evasive navigation of an agent that is engaging multiple
pursuersin a stationary environment. Here, the gradient of a
potential field that is generated by solving the Poisson
equation subject to a set of mixed boundary conditions is
used to generate a sequence of directions to guide the
motion of an evader so that it will escape agroup of pursuers
while avoiding a set of forbidden regions (clutter). The focus
here is on continuous evasion where the agent does not have
the benefit of a target zone (e.g., a shelter) which up on
reaching it can discontinue engaging the pursuers. The
capabilitiesof theapproach aredemonstrated using simulation
experiments.

|. Introduction

Evasive navigation is an important tactical aid that is needed
to enhance survivability of an agent operating in an
adversarial environment[1]. Itisalso anon-determinate game
in which an agent (evader) has to move from an initial
location to afinal one while avoiding anumber of pursuersin
an environment that may be populated by forbidden regions.
The presence of clutter complicates the evasion strategy
which is usualy studied for one pursuer in an open
environment [2]. Clutter (figure-1) excludes simple solutions
to the evasion problem such as running along a straight line
toward infinity using the highest possible speed. It also
excludes commonly used maneuvers such as protean
behavior [3] inwhich an evader turnsin an unpredictable
manner to confuse afaster, but lessmaneuverable, pursuer. In
this case, it is highly likely that simple reflexive control will
not work. A highlevel controller isneeded to fuse the context
in which the actors are operating, the strategy and intentions
of the pursuerswith the decision making process used to guide
the evader’s actions.

M any aspectsof pursuit-evasion have beeninvestigated. In[4]
the problem of a group of pursuers searching a cluttered

environment for an intruder using flash lightsisinvestigated.
On the other hand, in [5] the behavior of an agent trying to
hide from a pursuer is evaluated in terms of the amount of
protection provided by the environment. In [6] an algorithm
is suggested for a group of robots to capture a fugitive agent
moving on agrid. In[7] anintelligent controller is suggested
for intercepting a known, well-informed target that is
intelligently maneuvering in acluttered environment to evade
capture. Anintensiveliterature survey on pursuit evasion may
befound in [§].

The focus here is on evasive navigation of an agent that is
being tracked by multiple pursuersin acluttered environment
for the case where the evader does not have a target point
present. A target point is equivalent to ashelter which when
reached the evader no longer haveto engagethe pursuers. The
situation necessitatesthat the evader continuously engagethe
pursuers. This presents the evader with a considerable
intellectual burden, especially whenfacingintelligent pursuers
who may be cooperating and have the ability to learn
regularities or patterns in the evader’s behavior and evolve a
capture strategy.

The approach suggested in this paper for tackling the above
problem is an alternative to a recent approach suggested by
the author [13] that utilizes a modified version of the
harmonic potential field (HPF) approachto behavior synthesis
[9,10,11] for constructing anintelligent controller to guide an
evader in a situation such as the one described above. While
theapproachin [13] utilizesavector boundary value problem
(VBVP) to solvefor the phasefield of the harmonic potential
(the solution of the magnitude field of the HPF is bypassed),
the approach in this paper generates the field by solving a
standard Poisson equation subject to an appropriate set of
mixed boundary conditions. The use of Poisson equation is
motivated by the fact that solution of this type of BVPs is
much simpler than that of a VBVP. Highly stable, off-the-
shelf numerical packages exist for solving the Poisson BVP
(e.g., PDE tool-box of MATLAB), which is not the case for
VBVPs. Also the properties of the solution of the Poisson
equation arewell-understood, and arethoroughly documented
in the literature.

The paper is organized as follows: in section Il the evasion
problemisformulated. Section |11 givesabrief background of



the harmonic potentia field approach, the difficulties in its
application to the evasion problem, and a recent attempt by
the author to modify this approach so it can be used for
continuously evading multiple pursuers. In section 1V the
Poisson approach is introduced and the BV P that generates
the evasion field is provided. Simulation results are provided
in section V, and conclusions are stated in section V1.

I. Problem Formulation
The pursuers and evader are assumed to be operating in a
multidimensional environment (RN) that is populated by
stationary forbidden regions (O, I'=00). All actors are
required to restrict their activities to the subset, Q, of the
multidimensional space known as the workspace (Q:RN-O).
The location of thei’th pursuer isxp,. A group of L pursuers
is assumed to be operating in Q. The location of the group is
described using the vector XP=[xp, Xp, ... Xp,]" .

& pursuer

O’evader

Figure-2: the pursuit-evasion environment

The evader has full knowledge of the environment and the
location of the pursuers. Likewise, the pursuers, who may be
communicating, are assumed to have full knowledge of the
environment and the |ocation of the evader, figure-3.

> <

Evader

T

X

X

=

Pursuer-1

Xp,
P [Pursuer-2

Xpy

Pursuer-L

?

X

Figure-3: interaction between the evader and the pursuers

Thehigh-level guidance mechanismwhichtheevader isusing
aggregates the data about the environment (I'), and the
locations of the pursuers (XP) in order to advise the evader
regarding the direction it needsto head along if it isto be safe
and escape capture. Although the controller yields only a
referencetrajectory for the evader to follow, many techniques
exist for trandating a trajectory marked by the gradient field
of an HPF into a control signal. A summery of some of these
techniques may be found in [12]. Mathematically speaking,

constructing the evasion control requires the construction of
the gradient dynamical system:
x =-=VV(x, XP(t),T)

X(t) eQ vt

L

2|xpi —x|>0

i=1
where V isthe gradient operator, and V is the HPF.

1)
such that:

and Vt,

|11. Background

Difficulties with the HPF appr oach:
Inthe HPF approach, the navigation field issynthesized using

theBVP: V-VV(x)=V¥V(x)=0 VxeQ 2

V(x)=1 Wiz V (x)=0

where x, is the target point, the potential, V(x), is valid for
only the time instant t. The control at timet is derived from
the negative gradient of V(x):

u=-wW(x). 3
Harmonic functionsassumetheir minimaand maximaontheir
boundaries (here T", XP(t), and x, ). There are no stagnating
points in  Q where VV vanishes. Therefore, the highest
potential, V=1, will be at x = T", and x=xp,(t), i=1,..,.L; while
the lowest potential, V=0, will be at x=x,. Figure-4a showsa
rectangular forbidden region confining the motion of three
pursuers and an evader whose goal is to reach the target
without running into the pursuers or the walls of the
workspace. Figuers-4b, and ¢ show the HPF, and its negative
gradient field respectively.

x=I" V(X) :1

X=Xp; X=X,

Removing the goal point, x,, where the potential is fixed to
zero, from the BVP in (2) makes the maxima and minima of
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Figure-4: a: environment, b: potential, c: negative gradient



V(x) equal to 1. In other wordsthe value of V(x) isaconstant
equal to 1 for all pointsin Q. This causesthe gradient field to
degenerate every where in Q (VV(x)=0, V x € Q) making it
impossible to construct the evasion field, figures-5a,b.

The Modified HPF Approach:

Theremoval of thegoal point, x,, from (2) causesthepotential
to becomeflat and the gradient field to degenerate. While the
magnitude field of VV, a(x), degenerates, the phase field,
G(x), remains stable and computable. This makesit possible
to adapt the generating BV P to work for the case where no
target point isexplicitly specified.

W(x) = ax)G(X) - 4

Evader

Figure-5: a the environment, b: the potential field

TheBVPis: solve V:G(x)=0 XeQ (5)

subjectto:  G(X)=NT | ,r, G(X)=nTi |, ,

and |G(X)|=1, i=1,..L

Where nT; is a unit vector field orthogonal to I'i,
Fi:{x:|x—xpi|:6,6>0}, (6)

and nr" isaunit vector field orthogonal toI'. The above vector
BVP (VBVP) is solved for the environment shown in figure-
6a. The corresponding evasion field is shown in figure-6b.

Figure-6: a. environment, b. evasion field

Although atarget point was not specified in the modified
BVP, a stable equilibrium point, N (i.e. a target point),
spontaneously emerged in the synthesized field (anorth pole,
figure-6b). Unlike (2) where target location is a priori
specified, inthe modified VBV P, thetarget location isfreeto
move in a manner dependant on the environment and the
locations of the pursuers. The target keeps adapting its
location positioning itself asfar as possible from the pursuers

and the forbidden regions. The intelligent, high-level
controller suggested herefor continuously steering the evader
away from harm, acceptsI" and X P(t) asinputs, and generates
N(t) as an output. The generated time sequence of locations,
N(t), istheonethe evader hasto follow in order to avoid harm
and capture, figure-7.
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Figure-7: suggested evasion controller

V. The Suggested Approach

When the potential field wasfirst suggested, the most serious
problem facing it was deadlock, or local minimaat which VV
vanishes trapping motion short of reaching the target. The
HPF approach to motion planning solved the deadlock
problem by forcing VV to satisfy Laplace equation for each
point inside Q,

VNV (x)=V-VV(x)=0 Xx€Q (7
By satisfying the Laplace equation, the divergence of the
gradient of the potential isforced to zero inside Q. Physically
speaking, the divergence of a vector field is defined as the
outflow of the flux generated by the field when the volume of
the closed areathefield is passing through shrinksto zero. In
other words, the flux that goes inside that close area must
leave (figure-8a). This prevents stagnation of the flux and in
turn prevents deadl ock.

a VeVV(x)=0

b VeVV(x)=-C

Figure-8: Physical interpretation of a divergence,
a Laplace equation, b: Poisson equation

Unfortunately when motion is to be planned in order to
continuously avoid multiple pursuers, the target point of the
evader cannot be a priori specified. A target point which is
accounted for using apoint sourceisresponsiblefor inducing
afield that fills Q. For motion to be actuated there hasto be a
vector field everywherein Q. Also, for afield to exist asource
must be present. The Poisson egquation offersan alternativeto
the Laplace equation in this regard. The Poisson eguation:

VWV (x)=V-VV(x)=-C- (8)
constrains the divergence of VV to a negative constant value.
This amounts to densely covering the workspace with point
sources (figure-9) with a field sinking in each (figure-8b).
Under the influence of the proper boundary conditions the



fieldsfrom the micro-sources aggregateto yield aglobal field
pattern. Although not a priori specified, acontext-dependant,
equilibrium point emerges marking the goal point which the
evader should move toward.

Figure-9: A workspace filled with point field sources

The Generating BVP:
The BVP used for generating the potential whose gradient
constitutes the evasion field is: solve

VA (x) = -C
V (x)

a—n+ q V (X) = g xel'ur; i:1’"’L (9)

Where C, g, and g are positive constants.

xeQ

subject to:

V. Results

The capabilities of the Poisson potential field approach are
demonstrated by simulation. In figure-10 an agent, whose

location ismarked by a+ sign, isattempting to evade capture
by two pursuers (marked by circles). Although the stationary
environment, and the locations of the pursuers are known,
their tactics, future moves, and any coalitions are not a priori
known to the evader. As can be seen, the evasion, gradient
field from the Poisson potential keeps adapting to the
movements of the pursuersin a manner that accounts for the
contents of the environment. The adaptation takes place so
that the stable equilibrium point of the field is situated as far
as possible away from the pursuers and the forbidden regions.

Cooperative surround and block pursue:

Here (Figure-11), the pursuing agents attempt to form aring
around the evader and gradually reduceitsradius. Moreover,
they monitor the direction along which the evader is heading
and attempt to group along that direction to block its escape
route

. 10
p=-C-en, 10

ol
6 =K-SGN(X et)
where p; is the distance between the evader and the i’'th
pursuer, 0; the angle of the i’ th pursuer, en,and et; are the unit

vectors normal and tangent to thei’th pursuer, and SGN(x) =
[+1 for x>0, O for x=0, -1 for x<0].
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Figure-10: Movements of the evader and pursuers and the
corresponding gradient evasion field.

Figure-11: cooperative surround and block pursue

The distance between the evader and the i’ th pursuer is:

D; (t) = |[X-XP,| i=1..,L.(12)
The distance of the evader to the nearest pursuer (DM(t)) is
taken to be the measure of safety:

DM(t) =min|; D;(t) i=1,..,L. (12
Success of the pursuersis indicated by their ability to drive
DM(t) close to zero.

It is a widely accepted belief that if an evader moves in a
purely random manner, its chance of escaping capture is
improved. Figure-12 shows snapshots of an agent utilizing
random walk to evade capture by eight pursuers utilizing the
block and surround strategy. A uniformly distributed random



number generator is used to generate, at each time step,
independent increments along the x and y directions. As can
be seen, the pursuers manage to close in on the evader and
surround it frequently reducing the radius of theringto avery
small value. The trgjectory of the evader is shown in figure-
13, and the corresponding DM (t) is shown in figure-14.

In figure-15 the evader replaces the random walk approach
with the gradient, evasion field from the Poisson potential.
Despite being initially surrounded by a large number of
pursuers, the evader managesto outmaneuver them, break
the ring, and escape keeping a steady distance away fromthe
pursuers. Moreover, the evader manages to strip the
pursuers of their advantage as a group that is capable of
utilizing many patterns of behavior for capture. The manner
in which the evader maneuvers to escape capture causes the
formation of the pursuers to clump in effect reducing the
group action into the action of a single agent that is lagging
behind the evader. The trajectory of the evader is shown in
figure-16, and the corresponding DM (t) isshowninfigure-17.
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Figure-13: Trajectory of the evader
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Figure-14: DM(t)

V1. Conclusions
In this paper the problem of continuously evading multi-
pursuers in a stationary, cluttered environment is addressed.
Thehigh-level controller sensitizing the evader to the contents
of its environment is constructed from the gradient of a
potential field that satisfy the Poisson equation (also known as
the Laplace-poisson equation). Thegradient field is supposed
to guide the actions of the evader in an attempt to escape
capture by the pursuers. Inaddition to providing tactical
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capabilities for an agent attempting to survive in an
adversaria environment, the suggested high-level controller
may help to shed light on the origin of purposive behavior. It
isbelieved that any mechanism concerned with thegeneration
of goal-oriented behavior must be supplied with an a priori
specified goal around which the guidancefield isconstructed.
The suggested controller is a proof that goal-oriented,
purposive behavior can be synthesized without having to a
priori specify agoal. While the preliminary results regarding
the performance of the suggested evasion controller are
encouraging, in-depth mathematical analysis and simulation
experiments remain to be done.

Acknowledgment:
The author would like to thank King Fahd University of
Petroleum and minerals for its support of thiswork.

References:

[1] S. M. Amin, E. Y. Rodin, A. Garcia-Ortiz, "Evasive
Adaptive Navigationand Control Against Multiple Pursuers’,
Proceedings of the American control Conference,
Albuquerque, New Mexico, June 1997, pp. 1453-1457.

[2] M. Wahde, M. G. Nordahl, “Coevolving Pursuit-Evasion
Strategies in Open and Confined Regions’, in Adami et al.,
Artificial Life VI, MIT Press, pages 472-476, 1998.

[3]G. F. Miller and D Cliff. “Protean behavior in dynamic
games: Arguments for the co-evolution of pursuit-evasion



1 N Fo0 F170

F185 F194 F201

F206 F242 F259

F278 1288 13

Figure-15: evader utilizing the gradient of a Poisson
potential for escape

tactics’. In A Meyer D Cliff, P Husbands and S Wilson,
editors, From Animals to Animats 3, Proc. of the 3rd Int.
Conf. on Simulation of Adaptive Behavior, pages 411--420.
MIT Press/Bradford Books, 1994.

[4] S. M. Lavalle, J. E. Hinrichsen, “Visibility-Based Pursuit-
Evasion: The Case of Curved Environemnts’, IEEE
Transactions on Robotics and Automation, Vol. 17, No. 2,
April 2001, pp. 196-202.

[5] T. C. Ly, S. Venkatesh, D. Kieronska, “Agents in
Adversarial Domains-Modeling Environments in Parallel”,
Proceedings of thefourth annual conferenceon Al ssimulation,
and planning in high autonomy systems, 20-22 September
1993, Tuscon, AZ, USA, pp. 81-87.

[6] K. Sugihara, I. Suzuki, “On a Pursuit-Evasion Problem
Related to Motion Coordination of Mobile Robots’,
proceeding of the twenty first annual Hawaii International
Conference on System Sciences, 1988, Vol. IV, 5-8 January
1988, Kailuakona, HI, USA, pp. 218-226.

[7] A. A. Masoud, “A Boundary Value Problem Formulation
of Pursuit-Evasion in a Known Stationary Environment: A
Potential Field Approach”, IEEE International Conferenceon
Robotics and Automation, May 21-27, Nagoya, Japan pp.
2734-2739.

L~ TN~ S
yd “ /
yd N S/
/ Y
{ A
LY yauyd
05 A\ y yd
AN Nyl -
N N, 7

7R A
S

Q

4 E g

Figure-16: Trajectory of the evader

LM { N f\/MVWMNVWVVVVWVWVVWWV
LYY

100 206 300 200 3 000 700 a0

Figure-17: DM(t)

[8] E. Y.Radin,“A Pursuit-Evasion Bibiliography-version2",
Computers and Mathematics with Applications, Vol. 18, No.
1-3, 1989, pp. 245-320.

[9] A A. Masoud, S. A. Masoud, "Motion Planning in the
Presence of Directional and Obstacle Avoidance Constraints
Using Nonlinear Anisotropic, Harmonic Potential Fields', the
|EEE International Conference on Roboticsand Automation,
San Francisco, CA, April 24-28, 2000, pp. 2944-2951.

[10] A. A. Masoud, S. A. Masoud, "A Self-Organizing,
Hybrid, PDE-ODE Structure for Motion Control in
Informationally-deprived  Situations', The 37th IEEE
Conference on Decision and Control, Tampa Florida, Dec.
16-18, 1998, pp. 2535-2540.

[11] A. A. Masoud, S. A. Masoud, "Robot Navigation Using
a Pressure Generated Mechanical  Stress Field, The
Biharmonic Potential Approach”, The 1994 I|EEE
International Conference on Robotics and Automation, May
8-13, 1994 San Diego, California, pp. 124-129.

[12] S. A. Masoud, A. A. Masoud, "Constrained Motion
Control Using Vector Potential Fields', The I|EEE
Transactions on Systems, Man, and Cybernetics, Part A:
Systems and Humans. May 2000, Vol. 30, No.3, pp.251.
[13] A. Masoud, “Evasion of Multiple Pursuers in a
Stationary, cluttered, Environment: A Harmonic Potential
Field Approach”, 2002 |IEEE International Symposium on
Intelligent Control (1SIC), 27-30 October 2002, Vancouver,
BC, Canada.



