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Abstract— In a pursuit-evasion game, the mobile robot
pursuer's ability to navigate from its initial position to the
evader while maintaining a safe distance from other objects
requires a good obstacle avoidance system. This study aims to
perform target tracking in evader sieges and obstacle
avoidance against other pursuer robots and static obstacles by
proposing a modified extreme seeking controller (ESC). A
modified backstepping control (BC) was used as an autopilot
control for a nonholonomic mobile robot to execute the
modified ESC command. The modified BC based on the
modified ESC requires the positions of the targeted evader,
pursuers, and obstacles. The pursuer uses this information to
capture an evader by arranging the desired formation without
colliding with static obstacles or other robots. The results of the
simulations show that the pursuers successfully surround the
evader and construct the formation without colliding with
obstacles. The proposed method resulted in the closest distance
of 2.071 m between the pursuers, 1.954 m between each
pursuer and the evader, and 2.425 m between the pursuers and
static obstacles.

Keywords— extremum seeking control, formation control,
obstacle avoidance, pursuit-evasion game, target tracking

I. INTRODUCTION

Currently, research on multi-agent systems has advanced
significantly, with the findings of studies demonstrating the
benefits of multi-agent systems over single agent systems
[1]-[4]. This multi-agent system has been widely used in a
variety of fields, including target tracking [5], [6], formation
control [7], [8], obstacle avoidance [9], [10], and other
interesting research areas involving multi-agent systems,
such as pursuit-evasion games or differential games [11]-
[14].

The pursuit-evasion game discusses methods that can be
used in a multi-agent system, where the pursuer agents are
able to capture or surround the evader agents with the least
amount of cost. In a pursuit-evasion game, several processes
such as target tracking, formation control, and obstacle
avoidance interact to form an interconnected system.
Extreme seeking control (ESC) is control method that can
be used in a pursuit-evasion game to perform target tracking
and then form the desired formation, as investigated in [15].
This method uses the scientific basis of finding the optimal
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point to control the formation of a multi-agent system, but
the method in this study can still be developed because the
dynamic model of the controlled agent is very simple, that
is, by assuming that the controlled agent is a moving point.
This study used an unobstructed environment. If the modified
ESC is applied to a more complex plant and environment
with obstacles, the dynamic model of the system will become
more general and realistic, allowing the method's success in
target tracking, formation control, and obstacle avoidance to
be tested.

A nonholonomic mobile robot is a plant that can be used
in pursuit-evasion games. Currently, many controllers can
be applied to nonholonomic mobile robots. One of them is
the backstepping control (BC). The BC was used to control
the mobile robot to follow a predetermined target point [16].
This study modifies the BC to complement the modified
ESC as a mobile robot autopilot control and decomposer of
the problems raised.

Modified ESC and BC can be realized in pursuit-evasion
games for pursuit, encirclement, and surveillance of the
evader when it is under siege. Modification of the ESC also
intends to control the agent so that it can avoid static and
moving obstacles. In the condition that only one evader is
the target of pursuit, no task allocation method needs to be
added in the combination of the modified ESC and modified
BC. However, if there are multiple evaders as pursuit
targets, a task allocation method is required to determine
one evader among several evaders as the priority target in
each pursuer group. This study aims to develop a method for
target tracking in evader sieges and obstacle avoidance
against other pursuer robots and static obstacles by modifying
the ESC and combining it with the modified BC in a pursuit-
evasion game with one target.

The main contributions of this research are:

» Develop a modified ESC that can be applied to
nonholonomic mobile robot systems for target
tracking, formation control, and obstacle avoidance in
a simple Pursuit-Evasion Game system. Modifications
are made to allow the pursuer agent to surround the
evader and form the desired formation in an
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environment that
obstacles.

contains static and dynamic

» The backstepping control is modified to simplify the
nonholonomic mobile robot system as a moving mass
point, so that the modified ESC only requires
information about the moving target position.

The remainder of this paper is organized as follows.
Section Il describes the materials and methods, including the
dynamics and kinematics of a nonholonomic mobile robot,
backstepping control formulation, modified BC for moving-
point input, ESC formulation, modified ESC for target
tracking and formation control, and modified ESC for
obstacle avoidance. The simulation results are explained in
Section I11. Finally, Section IV concludes the study.

Il. MATERIAL AND METHODS

A. Dynamics and Kinematics Nonholonomic Mobile Robot

This study used nonholonomic mobile robots as pursuers
or evader agents. The robot used was a two-wheeled
differential drive robot. The direction of motion of the mobile
robot in the Cartesian plane is shown in Fig. 1. The center of
mass of the robot is denoted as C, and the width of the robot
is 2L. The diameter of the wheel is 2R, and the distance
between the center of mass C and wheel axis A has a
magnitude of a.

The dynamics and kinematics equations of the robot are
formulated as follows [16]:

M(q)G+V(q,q) = B(g)t — A" (@)1 1)
masin 8
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0 —ma cos 6
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where g € R3*1 is the position and orientation vector,

M(q) € R3*3 is the inertia matrix, V(q, ) € R3>*! is the

centripetal and Coriolis matrix, B(q) € R3*? is the input

transformation matrix, A(q) € R**3 is the matrix associated
with the constraints, 1 € R1*1 is the vector of constraint
forces, x, is the position of the robot along x-axis, y, is the
robot’s position along y-axis, 6 is the orientation of the
robot, g is the robot’s velocity, § is the robot’s acceleration,
m is the robot’s mass, and I, is the robot’s moment of
inertia. The input vector of the robot is represented by 7 €
R2*1 is the torque applied to the wheel, consisting of t for
the torque on the right wheel and t;, for the torque on the left
wheel.

0 X

Fig. 1. Nonholonomic Differential Mobile Robot.

B. Modified Backstepping Control

Backstepping control (BC) is a method that can be used
as autopilot control for a nonholonomic mobile robot. In this
study, the BC is used to connect the modified ESC and the
nonholonomic mobile robot so that the commands can be
carried out by the mobile robot and provide the desired
output. A block diagram of BC is shown in Fig. 2.

1) BC Formulation

In the BC formulation, transformation matrix S is used to
transform the differential from the robot position state into a
new state containing the linear and angular velocities of the
robot in the body frame, which is formulated as follows [16]:

STMSV + ST(MS +V,,S)v = STBt (4)
My +V,v=Bt (5)
With
cos —asin@
S=|sinf acosH (6)
0 1
q=I[xc Y e]T (7)
j— v j— vl
v=,l=[v)] ®
=STMS
V(q' CI) =g
0 0 mabcosh
Va=10 0 mafsind
0 0 0
7, =S",S
B =STB
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where S(q) € R3*% is a Jacobian matrix that transforms
velocity in base coordinates/body frame (v) to velocity in
Cartesian coordinates/local frame (¢), v € R?*1 is a velocity
vector in base coordinates consisting of linear velocity
(v = v;) and angular velocity (w = v,), M(q) € R>*? is
the inertia matrix, 7,(q,¢) € R?*? is the centripetal and
Coriolis matrix, B(q) € ®?*% is the input transformation
matrix.

Assuming that u is the auxiliary input, using nonlinear
feedback in (9) will change the dynamic control problem into
a kinematic control problem, as in (10-11).

T =B Mu+V,v] )
i=Sv (10)
v=1u (12)

To satisfy the tracking conditions in (10-11), the
tracking error vector is expressed in (12-13) and derived in
(14-15) as follows:
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e, = ez - sm 0 cos 0 0 Yr—y (13)
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where, K =[k; k, ks3]
constants.

is a vector with positive

The derivative of v, is formulated as follows:

. [ Uy COS e3 ]
Ve = d)r + kz'l}rez + k31}r sin €3
ky 0 —v,.sine; | .
1
0 kyv. ksv,cos 63] ep (16)

Assuming that the linear and angular velocity references
are constant, the derivative of the auxiliary velocity control
input v, and auxiliary input u can be formulated as follows:

.k 0 —v,sineg] .
Ve=1lo kyv, kv, coses] P (17)
u=v.+K,(v. —v) (18)

where K, = k,1, k, is a positive constant.

2) Modified BC for Moving Point Input

This study proposes a modified BC that can be used as an
input in the form of robot speed on the x and y axes. The
speed on the two axes is the output of the ESC, which must
be carried out by the robot so that it can perform target
encirclement and target tracking.

The input used in this test is still the destination point
(x,,v,), the difference is that the values of x, and y, are
obtained from a function that causes these values to change

continuously over time. The values of x, and y, are
determined by the new variables v, and v,, as new inputs.

Velocity
Reference vy, ér v
Position 9
an rror e uxiliary Inpu orque obile
Headciing ﬁ FoErmuIa P A Fxlarrrr:'ullapt U :onlt‘ral ‘ ’:Io:olt z
Reference yr x
8, Tx’y 6 HT A

Fig. 2. Backstepping Control Block Diagram

Xr =X+ Kyay- TV (19)

Yr =Y+ Kpay - T.vy (20)

where

x : robot position on the x-axis

y : robot position on the y-axis

X, : destination point on the x-axis

Yy : destination point on the y-axis

U, : waypoint speed on x-axis

12 : waypoint speed on y-axis

kway : waypoint constant (value: 197)

T : sampling time (value: 0.005 s)

The modified BC method that was applied and combined
with the modified ESC method is shown in Fig. 4.

C. Modified Extremum Seeking Control

This extremum-seeking control (ESC) is used on each
robot so that the robot can maintain a formation and follow a
moving target by defining the appropriate potential function.
Position information from other agents and target positions
were used as input for the ESC. From this information, an
input in the form of a two-dimensional speed is issued, which
is used as input for the pursuer agent. A flowchart of ESC is
shown in Fig. 3.

1) ESC Formulation
The potential function between the number of N agents
and target is defined as follows [15]:

Jar(x,x) = ?]:1]it(”xi - xt”) (21)

where J;; is a potential function between the i-th agent and
the target, x* is the center position of the i-th pursuer agent,
and x; is the center position of the target. It is assumed that
Jiz results in a minimum value at ||x* — x; || = 8. 8, is the
defined distance between the agent and target. For collision
avoidance purposes, 6;; was set at more than 0.

The potential function between the agent and other agents
is formulated as follows:

]aa(x) Z Z} l+1]l](||x _xJ”) (22)

where x/ is the center position of the j-th pursuer agent, and
Jij is the potential function between the i-th and the j-th
agents.
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Fig. 4. Modified Extremum Seeking Control Block Diagram

From the two potential functions shown in (21) and (22),
the performance function can be obtained as follows:

y = 1o = I = ] [ = 1))

= at]at(x' xt) + Kaa]aa(x) (23)
Yy =Ku Zﬁv=1]it(”xi - xt”)
+Kaaz 21 l+1]l](||x _x]”) (24)

where y denotes the overall potential function. K, is the
weight of the potential function between the agent and target,
and K, is the weight of the potential function between the
agent and other agents.

The attraction-repulsion relationship between the agent
and other agents is shown in (25), while (26) represents the
attraction-repulsion relationship between the agent and the
target.

x> SU,

gar(”x”) - Ov ”x” - l]' (25)
<0, |Ixll < 8.
0, llxll > &,

RElxID =0, llxll = &z, (26)
0, llxll < .

Equation (24) is derived so that the following equation is
obtained:

in](xﬂxt) = Kat(xi - xt)hit(”xi - xt”) +

Kaa Z?]:l,j::i(x x])g (”x _xJ”)

If the Lyapunov function is taken as written in (27), then
(28) can be obtained as follows:

V=] x) (27)

V= S0 [V, ()] 5+ [V G x)]
§V=1[in](x'xt)] (ui ) (28)

The control input u for the i-th agent is given as follows:
ul =% — k'V,iJ (%, x); ki>0 (29)

2) Modified ESC for Target and Formation Control

This study presents a modified ESC for target-tracking
and formation control. These modifications were used to
select the objects included in the ESC formula. Only objects
whose distance to the robot is less than a predetermined
minimum distance are included in the ESC formulation.
Therefore, the ESC formulation was modified as follows:

Vi (x,x;) = Kgp(x' — xt)h“(”xi —x||) +
Kaa Z] 1,j#i KmOd xf)g (”X - x]”) (30)
with

Kirjnm = {1’ if ”xL - xJ” < drange'

0, otherwise.
where K;7°¢ is the modification constant of the ESC, and
drange 1S the maximum distance that the robot can detect its
surroundings. If the distance of the i-th robot with the j-th
subject is less than d,.qnge, then K/7°¢ will be worth 1. If the
distance is greater than d,gpg., then Kl-*}"’d is zero, and the
subject is ignored in the calculation of the ESC formula.

3) Modified ESC for Obstacle Avoidance

This section discusses the modification of ESC for
obstacle avoidance. The modification is made by adding the
obstacle variable in the ESC formula, as follows:

Vi (6, x,) = Kge(xt = x )R (||x" = x,||) +
KaaZ] 1]::1Km0d x’)g (“X _xj”) +

Kao k=1 Ki?cbs(x k)g (”X k”) (31)

where K, is the weight of the potential function between the
agent and obstacle, K3’ is an object selection constant
similar to K/7°¢ , x* is the center position of the k -th
obstacle, and gi(||x' —x*||) is the attraction-repulsion
relationship between the agent and obstacle. The formula for
determining the values of K3S and g (||x! — x*||) values is
as follows:

Kobs — {1' if ”xi - xk“ < Tobs,
ik .
0, otherwise.

Gar ([l = %[} = [l = #*]| = 6ue

where r,,,¢ is the maximum distance of obstacles that can be
detected by the robot, and &, is the safe distance between the
i-th robot and the center of the k-th obstacle.

The block diagram of the modified ESC method for
evader tracking and obstacle avoidance using the modified
BC is shown in Fig. 4.

I1l. RESULTS AND DISCUSSION

The parameters of the nonholonomic mobile robot were
obtained from the datasheet for a two-wheeled differential
drive, as listed in Table I [16], [17]. The parameters used in
the BC are listed in Table II.
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TABLE I. PARAMETER OF NONHOLONOMIC MOBILE ROBOT

Symbol Parameter Value
m Robot mass (kg) 62
a Distance between wheel axis and rotation axis (m)| 0.00001
I Total Inertia (kg. m?) 1.24
R, Wheel radius (m) 0.1
L Half of the robot's width (m) 0.2

TABLE Il. PARAMETER OF BACKSTEPPING CONTROL

Parameter |Value
ky 1
k, 8
ks 1
ky 1.48

TABLE Ill. PARAMETER OF VELOCITY REFERENCES

Time (s) |vy(m/s)| v,(m/s)
020 18 0
20-40 | 1273 | -1273
4060 18 0
6080 | 1273 | 1.273

80 _ 100 0 15

100120 | -1.061 | 1.061

120140 | -18 0

140160 | -1.273 | -1.273

160 180 | 0 15

180190 | -1.273 | -1.273

190 200 | -1.8 0

A. Simulation of Modified BC for Moving Target

The following simulation aimed to test the modified BC
in directing the robot to follow a moving destination point.
The parameters used are k,,qy, v, and v, where k., is
assigned a value of 238, and the two parameters v, and v,, are
the target speed on the x-axis and y-axis, respectively, whose
values vary, as shown in Table IlI.

The robot trajectory and resulting waypoint trajectory of
the moving target are shown in Fig. 5. From this figure, it
can be concluded that the robot succeeded in following the
movement of the moving target point, as indicated by the
overlap of the two lines.

The speed of the robot on the x-axis in Fig. 6 is
compared with the speed input (v,) shown in Table Ill. The
robot speed on the y-axis in Fig. 7 is compared against the
velocity input of the target point (,). From Fig. 6 and Fig.
7, the characteristics of the speed response of the robot
include the x-axis speed with a mean settling time of 2.0696
s and a mean square steady-state errors of 3.1375 x 1074,
while the Y-axis speed has a mean settling time of 2.1823 s
and a mean square steady-state errors 6.4739 x 107, It can
be concluded from the response characteristics that the speed
of the robot on the x-axis or y-axis of the earth frame
successfully follows the given speed input with relatively
small steady-state errors and a relatively short settling time.

60
Robot trajectory
50 Waypaint trajectory ——
s \
\
s .
40 N
™,
30
‘ |

. 20
£
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Fig. 5. BC experiment result with moving-point waypoint.
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b4

15 r
— 1

! |

AR A

‘ |
o5 | |

! lt | ' f

-1.5

ms

robot velocity !
waypoint velocity

-2
0 20 40 B0 80 100 120 140 160 180 200
time (s)

Fig. 7. Robot velocity in y-axis (earth frame).

TABLE IV. PARAMETER OF MODIFIED ESC

Symbol Definition Value
Weight of the potential function between the agent and
Kae ’ P the target ’ 0.0002
Koq Weight of the potential function between each pursuer | 0.01
[ Desired distance between the agent and the target (m) 3
3 Desired distance between each pursuer (m) 5
k Input constant of ESC controller 10
Uyt Target velocity in x-axis (m/s) 15
Uyt Target velocity in y-axis (m/s) 0
drange Maximum distance of robot detection (m) 7.2

B. Simulation of Modified ESC for Target Tracking and
Formation Control

This simulation aimed to test the modification of the ESC
method and determine the effect of these modifications on the
movement of the pursuer robot. In addition, this simulation
also aims to determine whether modifications to the ESC will
make the pursuer robot successfully chase and surround a
moving evader. The modified ESC parameters are presented
in Table IV.




Journal on Advanced Research in Electrical Engineering, Vol. 6, No. 2, Oct. 2022 117

20

Pursuer 1

\ Pursuer 2

15 \ Pursuer 3
\ Evader

-50 0 50 100 150 200 250
x(m)

Fig. 8. Robot trajectory using standard ESC
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Fig. 9. Robot trajectory using MESC
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Fig. 11. Distance between pursuer and evader

The simulation results obtained using the standard ESC
and modified ESC are shown in Fig. 8 and Fig. 9,
respectively. The performance of the modified ESC in terms
of distances is shown in Fig. 10 and Fig. 11.

These figures show that using the standard ESC affected
the pursuers’ attraction to each other and caused movements
that did not prioritize the pursuit of the target. Using the

modified ESC, the pursuer robots prioritized pursuing the
targets and avoiding the other pursuers when they were too
close.

There were no mutual attractions when the two pursuers
were too far apart at the beginning of the simulation. The
distances between the robots are shown in Fig. 10. It has a
value of 5.032 m as the equilibrium point, corresponding to
the given input (&;;) in the modified ESC. The one shown in
Fig. 11 is the distance between all pursuer and evader, an
equilibrium point occurs at 2.905 m, almost following the
input value of (6;;) used.

TABLE V. PARAMETER OF MESC FOR PURSUIT-EVASION GAME

Symbol Definition Value
K, Weight of the potential function between the agent and 0.0009
the target
Kaa Weight of the potential function between each pursuer | 0.012
K Weight of the potential function between the agent and 0.048

a0 obstacles )
bt Desired distance between the agent and the target (m) 3
8;j Desired distance between each pursuer (m) 5
Six Desired distance between the agent and obstacles (m) 8

k Input constant of ESC controller 10
Ut Target velocity in x-axis (m/s) 0.8485
Vye Target velocity in y-axis (m/s) 0.8485
Tobs Maximum distance of robot’s obstacle detection (m) 7.55

C. Simulation of MESC for Pursuit-Evasion Game (PEG)

This simulation aims to test whether the modified ESC
can be used to control the pursuer such that the evader can
be surrounded while avoiding all existing obstacles. The
simulation was carried out using three pursuer robots, one
evader robot, and 10 static obstacles. The initial position of
the first pursuer robot was always at the point (0,0), whereas
the initial positions of the other pursuer robots and the static
obstacle were randomized using a uniform distribution.
Several assumptions were made for the PEG simulation.
The evader robot moves straight by ignoring obstacles and
the pursuer robot, and all pursuers must chase the evader
while avoiding obstacles around the pursuer. The parameters
used in all PEG scenarios are listed in Table V.

1) Scenario 1

Each scenario had a difference in the initial positions of
the second and third robots and the positions of all
obstacles. This is because of the use of a uniform random
function in the selection of the position of the variable to
test the method used. The parameters of the initial location
of the robot and the location of the obstacles used in
Scenario 1 are listed in Table VI.

The results of the simulation using Scenario 1 are shown
in Fig. 12.(a-d). The trajectories of the pursuer and evader
are shown in Fig. 12.(a). Information about the distance
between the pursuer and evader is shown in Fig. 12.(b).
Fig. 12.(c) contains information regarding the distance
between the pursuers. Information about the minimum value
of the distance between the pursuers and obstacles is shown
in Fig. 12.(d).
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TABLE VI. OBJECT INITIAL LOCATIONS FOR SCENARIO 1 TABLE VII. OBJECT INITIAL LOCATIONS FOR SCENARIO 2
Object x(m) | y(m) Object x(m) y(m) Object x(m) | y(m) Object x(m) y(m)
Pursuer 1 0 0 Obstacle 4 | 29.8094 | 41.2628 Pursuer 1 0 0 Obstacle 4 | 19.7141 | 63.1059
Pursuer 2 18 12 Obstacle 5 | 52.1977 | 84.9309 Pursuer 2 13 1 Obstacle 5 | 15.1253 | 65.0916
Pursuer 3 -15 13 Obstacle 6 | 47.4591 | 23.1198 Pursuer 3 -10 4 Obstacle 6 | 58.4433 | 55.3583

Evader 30 30 Obstacle 7 | 50.8481 | 76.9867 Evader 30 30 Obstacle 7 | 26.1928 | 77.0040
Obstacle 1 [44.4202| 30.7941 | Obstacle 8 | 46.3653 | 78.7713 Obstacle 1 |38.2126| 52.2486 | Obstacle 8 | 70.2350 | 79.7749
Obstacle 2 |37.6363| 45.9828 | Obstacle 9 | 37.8518 | 80.6826 Obstacle 2 [21.4683| 40.7295 | Obstacle 9 | 23.3324 | 54.2237
Obstacle 3 [28.7868| 28.7868 | Obstacle 10 | 25.1971 | 46.8667 Obstacle 3 |47.6768| 13.0730 | Obstacle 10 | 40.3142 | 52.4869
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2) Scenario 2

The parameters of the initial location of the robot and the
locations of the obstacles used in scenario 2 are listed in
Table VII. The results of the simulation using scenario 2 are
shown in Fig. 13.(a-d).

3) Results Analysis

The trajectories of the robot are shown in Figs. 12.(a)
and 13.(a). From these figures, it can be observed that the
pursuer managed to avoid obstacles. However, to further
ensure that there is no collision between each robot or
between the robots and obstacles, it is necessary to pay
attention to the distance, as shown in Figs. 12.(b-d) and
Figs. 13.(b-d). The distances between all pursuers and
evaders are shown in Figs. 12.(b) and 13.(b). From these
figures, it can be concluded that none of the pursuers hit the
evader, with the minimum distance between the pursuer and
the evader being 2.678 m in scenario 1 at 87.36 s and 1.954
m in scenario 2 at 75.16 s.

Information regarding the distance between the pursuers
is shown in Figs. 12.(c) and 13.(c). From these figures, it
can be concluded that there is no collision between pursuers.
The minimum distance between the pursuers was 2.071 m in
Scenario 1 at 30.77 s and 3.346 m in Scenario 2 at 74.64 s.
The Information on the minimum value of the pursuer
distance against all obstacles at all times is illustrated in
Figs. 12.(d) and 13.(d). From these figures, it can be
concluded that no pursuer hits an obstacle. The minimum
distance between the pursuer and all obstacles was 2.425 m
in Scenario 1 at 25.49 s and 3.481 m in Scenario 2 at 42.4 s.

By looking at the distance between the pursuer and
evader in Figs. 12.(b) and 13.(b), it can be concluded that at
the end of the simulation, all pursuers can chase and
surround the evader at a distance that is very close to the
desired value of 3 m. With regard to information from the
distance between the pursuers in Figs. 12.(c) and 13.(c), it
can be concluded that at the end of the simulation, all
pursuers can surround the evader and form a formation with
a distance between pursuers approaching the desired number
of 5m.

From all the explanations of the above results, it is
concluded that the modified ESC succeeded in directing the
pursuer to surround the evader and then construct a
formation. At the same time, the modified ESC directs the
pursuer to avoid other pursuers, evaders, and all obstacles so
that there is no collision.

IV. CONCLUSION

This paper proposes a modified BC that can be used to
control a mobile robot with input in the form of a moving
target speed such that the speed of the mobile robot on the
local frame can match the desired speed.

The next contribution is the modified ESC, which
successfully reduces mutual attraction between the non-close
pursuers to prioritize pursuing the targets and avoiding other
pursuers that are quite close. Moreover, the distance between
each pursuer or the distance between the pursuer and target
can be controlled according to the given input.

In the PEG simulation with one evader, the MESC
succeeded in controlling the pursuer to surround the evader.
This was indicated by the distance data at the end of the
simulation. The distance between all pursuers was

approximately 5 m. According to the predetermined
parameters, the distance between all pursuers and evaders
was close to 3 m. In addition, the modified ESC manages to
control the pursuer to avoid other pursuers, evaders, and
obstacles. This can be revealed by the minimum distance
between the pursuers of 2.071 m, the minimum distance
between the pursuer and the evader of 1.954 m, and the
minimum distance between the pursuer and all obstacles of
2.425 m. Thus, the pursuer never hits the evader, obstacles,
or other pursuers.
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