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Abstract

Multi-player pursuit-evasion games are crucial for addressing the maneuver decision problem arising in the cooper-
ative control of multi-agent systems. This paper presents a cooperative defense strategy involving cooperation and
confrontation among the target, attacker, and multiple defenders based on location information only. The primary
objective of the attacker is to capture the target while avoiding being captured by multiple defenders. Meanwhile,
the target is confined to a restricted area and can only move within its boundaries. The proposed cooperative defense
strategy aims to prevent the attacker from capturing the target while minimizing the time required to neutralize the
threat. Therefore, the multiple defenders are classified into two categories: the primary defender and the auxiliary
defenders. The primary defender is to prevent the attacker from approaching the target by predicting the intention
of the attacker. On the other hand, the auxiliary defenders adopt a surround-shrink-capture strategy to reduce the
time consumption to capture the attacker. Numerical simulations have been conducted to validate the effectiveness
of the proposed strategy.

1. Introduction

The multi-agent pursuit-evasion game [1-3] mainly considers the confrontation between two groups of
agents, where one group of agents, namely pursuers, attempt to act as a team to cooperatively pursue
another group of agents, namely evaders. The target-attacker-defender (TAD) game is a more complex
game based on the pursuit-evasion game, consisting of two simultaneous sets of pursuit-evasion game:
the attacker-target and the defender-attacker. Particular interest has been received in numerous military
and civil fields, such as formation patrolling [4], attack and defense confrontation [5, 6], spacecraft
pursuit-evasion [7, 8], territorial defense [9, 10], missile tracking, and interception [11-13].

The target in a TAD game could be static or dynamic, and a point, an edge, or a region. Yan et al.
[14—-17] investigated the so-called reach-avoid game comprehensively, where the target is a static edge in
two-dimensional environment or a static goal region in three-dimensional environment. For the case of
dynamic target, Manoharan et al. [18] proposed a nonlinear model predictive control-based framework
to deal with the three-agent TAD game, where the target-defender team acts in a cooperative manner
and an extended Kalman filter is adopted to estimate the states of the attacker. Moreover, the games with
two-target two-attacker [19] and multi-defender multi-attacker [20] are also investigated in depth.

Garcia et al. have conducted a series of studies on TAD issues from the perspective of quantitative
differential games. Pachter et al. [21] proposed a defense strategy for the defenders assuming that the
direction of the attacker’s motion is known. Garcia et al. [22-24] analyzed the optimal strategies for
the target and defender when the attacker adopts a pure pursuit strategy, proportional guidance strat-
egy, or strategy of differential games. Further research has been conducted. Considering the speed

© The Author(s), 2024. Published by Cambridge University Press.

https://doi.org/10.1017/50263574724001632 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574724001632
https://orcid.org/0000-0002-5297-2755
mailto:dong@nwpu.edu.cn
https://doi.org/10.1017/S0263574724001632

2 Gangqi Dong et al.

of the defender, the turning speed has an upper limit [25], or it is greater than the attacker [26].
Furthermore, the active target defense is extended in three-dimensional space [27], and the impact on
the reachable regions of each agent caused by the capture distance is analyzed [28]. In the aforemen-
tioned literature, the terminal distance between the attacker and the target or between the attacker and
the defender is often taken as the optimization objective, and then the optimal motion strategy of each
agent is obtained by establishing and solving the Hamiltonian equation.

Liang et al. [29] analyzed the TAD problem according to the qualitative differential games. The
Apollonius circle is utilized to construct a barrier to divide the state space into three regions: the
winning region of the attacker, the winning region of the target-defender, and the uncertain region.
Then, a cost function is established to solve out the optimal strategy of each agent in different regions.
On this basis, the effects on the barrier caused by the speed ratio between different agents and the num-
bers of defenders are studied [30-32]. In addition, the cooperation and confrontation strategies have also
been considered where the defender’s activity area is restricted [33, 34]. However, it is assumed that the
heading information of each agent is timely known and accurate, which may not be feasible in practical
scenario.

From the perspective of practical application, Shaferman et al. [35] proposed a collaborative guidance
law for a defense missile to protect the target against the incoming homing missile, where a multiple
model adaptive estimator is introduced to identify the guidance law and parameters of the incoming
missile. From the perspective of pursuit-evasion differential games, Shima [36] analyzed the optimal
strategies for the target and defender when the incoming missile employs different guidance laws. Kumar
et al. [37] tackled the target defense problem with large heading errors by combining line-of-sight-based
guidance law with sliding mode control, where the normal accelerations of the defender and the target are
considered as control input for the guidance system. Though the above strategies are effective in various
complex environments, it should be noted that directly measuring the acceleration poses challenges in
practical application.

This paper focuses on the cooperative defense in a TAD game with position information only. In most
applications, the target needs to be defended mainly caused by its limited maneuverability or territorial
constrain. Thus, a low-speed territorial-constrained target is considered. In order to defend the target as
well as capture the attacker, multiple defenders should behave in a cooperative manner. Considering the
fact in some attack and defense confrontation circumstances that the defender should not threaten the
target, that is, the strategy where the target and defender converge to conclude the game is not considered.
As ashared player in the two simultaneous pursuit-evasion games, both capturing the target and escaping
from the defender are considered as objectives of the attacker, which is not available to the defender and
the target. The main contributions of this paper can be summarized as follows: (1) an annular area is
defined for the territorial-constrained target, then the motion strategy of the target is derived respectively
in three different cases based on the initial distribution of the players; (2) according to the position
information of all players, the defenders are classified as primary defender and auxiliary defenders,
where the primary defender is mainly for defending the target and auxiliary defenders are for capturing
the attacker timely; and (3) a weighted defense strategy is proposed based on the intention prediction
of the attacker for the primary defender, and a surround-shrink-capture strategy is proposed for the
auxiliary defender. This paper is organized as follows. In Section 2, the problem is concisely described
and formulated. Then, the motion strategies for the target and the defenders are presented in Sections 3
and 4, respectively. In Section 5, a numerical simulation is demonstrated to verify the effectiveness of
the proposed method. Finally, Section 6 concludes this paper.

2. Problem formulation

In this section, we describe a target-attacker-defender differential game where the positions of all agents
are available to all players. From the perspective of motion strategy design, it is assumed that the players
can be simplified into points in this paper, although the dynamics of the players may have impact on
motion control.
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Figure 1. Case 1: the target outside the annular area and closer to the defender.

We consider the game in the case of one target, one attacker, and multiple defenders, denoted as
T,A,and {D;|i=1,...,N}, respectively. In order to eliminate impact on the performance caused by
maneuvering capabilities, it is assumed that the speed of the attacker and defender is the same, both
greater than the speed of the target, that is, v, =vp > v7. The target can only move within a certain
circular area Q = {q | |l¢ — O|| < R}, where ¢ is the coordinate of any point in the two-dimensional plane,
O is the center of the circular area, and R is the radius of the circular area. The defenders and the attackers
can move freely.

Define the distance between the attacker A and the target T at time ¢ as

dir(t) = [|[A(1) = T 6]

Denote r, as the capture distance, such that, if d,(f) < r., the attacker A capture the target 7. Define
the minimum distance from the attacker to all defenders at time ¢ as

dap,min (1) = arg min | D;(r) — A(D)| 2

If dypmin () < 1., it is deemed that the attacker is captured by the defender. When any of the attacker
or target is captured, the game ends.

3. The motion strategy of the target

This section considers the motion strategy of the target within a constrained area, where Drp_ , is the
closest defender to the target. Denote r; as the distance between the target and the center of the circular
area 0. Denote 6 as ZTDA € [0, ]. If & = &, the target, the defender, and the attacker are aligned in line
sequentially, that is the defender is located between the target and the attacker. In this case, the attacker
is not able to capture the target before being captured by the defender, and therefore it is considered as
fully defense of the target. Denote d,, d», d; as the distances between the attacker and the defender, the
defender and the target, the target and the attacker, and denote ¢, ¢,, ¢; as the heading angles of the
attacker, the target and the defender, respectively, as shown in Figure 1.

Taking a constant value R’ that satisfies R’ <R, an annular region is formed by Q =
{g| R < |lg— Ol <R}, and thus, Q' C Q holds. It is assumed that if the target is located within the
annular region, active defense seeking is prohibited. According to the initial distribution of the players,
the problem can be classified into three different cases. Case 1: T ¢ Q' and d, < d;; Case 2: T ¢ Q' and
d, >d;;Case3: Te Q.
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Figure 2. Case 2: the target outside the annular area and closer to the attacker.
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Figure 3. Case 3: the target inside the annular area.

In Case 1, the objective of the target is to increase the angle 6, such that to achieve the fully defense
situation. The derivative of 6 can be formulated as

. Vi o Vp . %
9=—d—?sm¢)]+d—fsm¢3—d—z

In order to increase 6, 6 should larger be than 0, and the larger 6 the faster 6 increases. Thus, from
the target perspective, the third term in Eq. (3) should be maximized, such that

sin ¢, + -2 sin (6 — ¢s) 3)
d,

max 6 = max <— v sin ¢2> @)
[0 [55) dz
It can be seen when ¢, = —1 /2, 6 maximized. Thus, the target should move at the speed of v, with

the heading angle —m /2 in case 1.

In Case 2, the attacker is closer to the target than the defender. Since the speed of the attacker is larger
than the target, pure escaping strategy for the target may not be suitable. Thus, the target has to seek for
defense actively while escaping from the attacker, as shown in Figure 2. Define n, as the vector pointing
from the attacker to the target with ||n,|| = 1/d;, and n, as the vector perpendicular to n; and pointing
to the defender side with ||n,|| = d,. Then, the target should move with the speed v; along the direction
of a resultant vector defined as
_oom —+n,

In1 + n.||

In Case 3, the target is within the annular area Q', as shown in Figure 3. On the one hand, the target
should move inwards the restricted area in order to satisfy the territorial constrain, and on the other hand,
it should move away from the attacker as far as possible to extend its own survival time. Therefore, to

&)

T-1
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Figure 4. Schematic diagram of primary defender’s strategy.

achieve both objectives, the target has to move along the direction of the vector F;_, with the maximum
speed vy in this case. The vector F_, is defined as

_ n;+n3
ln; + ns|

where n; is the vector pointing from the target to the center O with ||n3|| = 1/(R — ry).

(6)

T-2

4. The motion strategy of the defenders

This section considers the motion strategy design of each defender. In the game, each defender can
only collect the position information of the target, attacker, and other defenders as input for the control
strategy. Based on the relative positions of each agent, we first select a certain defender as the primary
defender, while the other defenders are auxiliary defenders. The primary defender integrates the protec-
tion intention of the target and the capture intention of the attacker. The main concern of the auxiliary
defenders is to surround the attacker and then narrow the encirclement.

4.1. Motion strategy for primary defender

We denote the defender closest to the target as the primary defender, and 7, r, are the unit vectors
directed by the defender toward the attacker and target, respectively. The d,, d, are the distances from
the primary defender Dyp_ i, to the attacker and the target, respectively. Define 8 as the angle formed
by the attacker as the center and the line connecting the attacker to the primary defender and the target
as the edges, as shown in Figure 4.

The attacker has the possibility to go toward the target or away from the defender because the
attacker’s motion strategy is isolated to the target and the defenders. We predict the attacker’s attack
intention based on changes in its position to design the motion strategy of the primary defender. At the
initial moment, the defender does not have the position information in the previous moment, so it is stip-
ulated that the primary defender adopts a pure pursuit strategy at the initial moment, which is to move
toward the attacker, with the speed being the maximum speed vj. For other moments, the following will
analyze and design the motion strategy of the primary defender based on the relative positions of each
agent.

If B =, the attacker is located on the line between the primary defender and the target, and the
unit vector ry, r, are the same vector. Due to the same maximum speed between the defender and the
attacker, it is difficult for the defender to capture the attacker individually. To cooperate with the target
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Figure 5. Intention prediction of the attacker.

or other defenders, the primary defender should move in the direction of the unit vector r; to minimize
the distance from the attacker and approach the target as much as possible. It is stipulated that the speed
of the primary defender at this time is vj.

If 0 < B < 7, the primary defender should move between the attacker and the target to prevent the
attacker from approaching the target. When the primary defender moves to the line between the attacker
and the target, the attacker must bypass the primary defender to capture the target. As the distance
between the primary defender and the target is closer than the distance between the attacker and the
target, and the maximum speed of both the defender and the attacker is the same, the primary defender
can effectively prevent the target from being captured.

Denote T-, A~, Dy, ... as the target T, attacker A, and defender Dyp_;, at the previous moment,
as shown in Figure 5. In the figure, the angle 8~ is formed by the attacker A~ as the center, the lines
connecting the attacker A~ to the defender D7, ;. and the target 7 as the edges, the angle ¢ is formed
by the attacker A~ as the center, the lines connecting the attacker A~ to the defender D7, ., and the
current attacker A as the edges, and n,,,n,, are the components of the vectors formed by the lines
connecting the attacker A~ to the attacker A in different directions, where n, ; along the direction of the
defender Dy, .., pointing toward the attacker A~, n,, along the direction of the attacker A~ pointing
toward the target 7.

Furthermore, the attack intention of the attacker A~ can be analyzed through the included angle
¥, which can be used to generate the primary defender’s motion strategy at the current moment. The
components 1y ;, 1y, represent the attacker’s intention to stay away from the primary defender and its
intention to capture the target, respectively. Thus, we define the attacker’s attack intention

1, 0<®<p™
FH =1 Jousl i %)
Tl A7 <?=7

We assume that the attacker’s attack intention is 1 if 0 <@ <B~. And if 8~ <9 <m, from a
geometric perspective, it can be inferred that if a constant value h = ”nA,l || sin (7 — ¢), then h=
HnAg ” sin (0 — B7), thus

sin ¥ N
f(ﬁ)=m, B <¥=m )]
sSin - COS Y
where if & =, f(¥) =0, the attacker moves in the opposite direction of the line connecting with the
defender D7, ... » Without any intention of attacking the target. And if lim ¢ = 87, it is known that the
function f(1) is continuous at ¥ = 8-, and the attacker moves along the direction of the line connecting
the target 7-, without considering the influence of the primary defender.
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Meanwhile, it is necessary to consider the two cases where the denominator in the Eq. (8) is zero,
which are 8~ =29, B~ = m, respectively. If 8~ =24, then §~ > ¥, it contradicts the conditions 8~ <
¥ < m, so we do not consider this case. It can be seen that 8~ < 7, in contradiction to the case - =,
this case is not considered. From this, the attacker’s attack intention f(2}) at the previous moment can
be determined based on the included angle ¥.

Therefore, if 0 < 8 < m, it is stipulated that the primary defender D7p_ ,;, moves at vp, and its motion
direction is

d,
FD=r1+_f(l9)r2 &)
d,

where if the attack intention () = 0, F), = ry, the primary defender moves in the direction of the vector
r; to capture the attacker; if the attack intention f(¢#) =1, Fp=r, + j—?rb the primary defender moves
between the attacker and the target, taking into account the impact of the distance d,, d,.

According to the Eq. (9), if the distance between the primary defender and the target is closer, the
distance ratio d,/d; is small, so the coeflicient of the term 7, is small. The primary defender’s motion
direction is mainly shifted toward the attacker’s side, thus avoiding collisions with the target. If the
distance between the defender and the target is far, the distance ratio d,/d, is large, so the coefficient
of the term r, is large. The primary defender’s motion direction mainly shifts toward the target side,
protecting the target from being captured by constantly approaching the target. As can be seen from the
above, the setting of the coeflicient term d,/d, can enable the primary defender to adjust their motion
direction in real-time based on the relative positions of each agent, to protect the target while considering
capturing the attacker.

4.2. Motion strategy for auxiliary defenders

All defenders except the primary defender are auxiliary defenders. If the attacker is located inside a
convex polygon formed by the defenders, the attacker is considered as surrounded. If there is only
one auxiliary defender, this defender and the primary defender cannot form an encirclement. Thus,
it is stipulated that this auxiliary defender is a pursuing defender, intending to capture the attacker. If
there are multiple auxiliary defenders, the auxiliary defender closest to the attacker is considered as the
surrounding defender, and the other auxiliary defenders are considered as the pursuing defenders.

Define D;(¢) = (x;, y;) is the position of the pursuing defender D; at the current time, A(f) = (X4, Y4)
is the position of the attacker at the current time, and d,; is the distance from the defender D; to the
attacker. The defender D,’s heading angle ¢; is the angle between its motion direction and the horizontal
direction, as shown in Figure 6. For the pursuing defenders, they intend to capture the attacker, so they
should minimize the distance from themselves to the attacker as much as possible. Thus, a cost function
for the pursuing defenders can be constructed as

szdi,,-z(xf—xA)z‘l‘(yz'—YA)z (10)
The motion equation of the pursuing defender D; is

{ fi= sz)l(r)
$i= Do

COS @;
sin @;

(1)

Thus, the derivative of the cost function
Ji = 250 4 23,04 — 284 — 234 + 2935+ 29434 — 290 — 299a
=2 ||Di(1)| cos @i (x; — x4) + 2iaxs — 2x%4 + 2 | Di(0)] sing; (i — ya) + 25uya — 2va (12)
=2 |Di(0)]| [(x; — x4) cOs @i + (v; — ) Sin @] + 2kaxs — 2554 + 29494 — 2¥:9a
By solving the Eq. (12), it can be seen that if the pursuing defender wants to minimize the cost

function J;, this defender’s speed HDi(t) || =vp and its optimal heading angle
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Figure 6. Motion strategy for pursuing defender.

Xo — X, Ya— Vi
da, dy,

It can be seen that the optimal motion strategy for the pursuing defender is the pure pursuit strategy
in the case where only the position information of each agent can be obtained.

In Figure 6, ¢, is the attacker’s heading angle, and the pursuing defender D; adopts the pure pursuit
strategy. Due to the influence of the target and other defenders, the attacker cannot always move in
the opposite direction of the line connecting the pursuing defender, thus the derivative of the distance
between the attacker and the defender D;

dy; = Al cos gx — | D] = IA®)]| cos @ — vp <0 (14)

13)

i .
, sing =

cos ¢ =

We know that the distance between the attacker and the defender is non-increasing during the game,
and the case d,; = 0 is not constant. Therefore, even in the case of only one auxiliary defender, it can
still ensure the completion of capturing the attacker in a limited time. If there are multiple auxiliary
defenders, the motion of each defender will objectively limit the attacker’s range of activity, further
reducing the time required to complete the capture.

For the surrounding defender Dj, as the closest auxiliary defender to the attacker, if it adopts the pure
pursuit strategy, the attacker can move in the opposite direction of the line connecting the surrounding
defender. Although the attacker can be captured in a limited time, the capture time is relatively long.
Therefore, this paper sets up the surrounding defender first completes the encirclement of the attacker
to limit its activity area and then shrinks the encirclement range to reduce the time required to capture.

Define B; as the edge formed by connecting the surrounding defender with other defenders D;, and
the closest to the attacker among them is B,;,. As shown in Figure 7, the attacker is located outside the
convex polygon formed by the defenders. In order to surround the attacker, the defenders have to trap
the attacker within the convex polygon formed by the defenders, that is, to move the edge B,,;, toward
the attacker as soon as possible. As the surrounding defender D; moves one step, it could be anywhere
on the dash line circle, denoted by D/ . From the perspective of geometry, only if the line connecting the
defender D, ,, and D! is tangent to the dash line circle, the edge B, approaches the attacker the most.
Denote the radius of the dash line circle as d,, and the length of the edge B, as dj, then the optimal
motion direction of the surrounding defender is obtained as

* dq
@; = arccos 7 (15)
B

When the attacker is inside a convex polygon formed by the lines connecting the positions of each
defender, each auxiliary defender should continuously shrink the surrounding area to limit the attacker’s
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Figure 7. Motion strategy for surrounding defender.
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Figure 8. The attacker surrounded by multiple defenders.

range of activity to capture the attacker. As shown in Figure 8, the attacker is surrounded by multiple
defenders. We number each defender and designate the primary defender as D', that is, Dyp_ i, = D'.
The number of each defender increases sequentially in a counterclockwise manner with the attacker as
the center. Then the auxiliary defenders could be denoted as { D|i=2,...N }

In Figure 8, 6;;_ is the angle formed by the attacker as the center and the line connecting the attacker
and the defender D', D'~ as the edge, 6,,, is the angle formed by the attacker as the center and the line
connecting the attacker and the defender D', D'" as the edge, where

i_:{l—l, ifi>1 ,+:{1+1, ifi<N

N, ifi=1’ I, ifi=N (16)

And np; is the unit vector pointed by the defender D' toward the attacker, np,; is the unit vector
perpendicular to the vector np; and pointing toward the direction of reducing the included angle 6;, .
This paper designs the motion strategy of the auxiliary defender D' during the shrinking stage

2y
np; + A sin (%) Npyi

Vb 00
[10s + 3 sin (257 np. |

U= 7
where A is the conversion coefficient. Under this strategy, on the one hand, the defender D' can contin-
uously approach the attacker, and on the other hand, it can adjust its motion direction based on the gap
between adjacent defenders on both sides, thereby maintaining the stability of the surrounding formation,
and limit the attacker’s range of activity.
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Through the above content, the motion strategies of each auxiliary defender in the game can be
obtained. The pseudo-code of the auxiliary defenders’ motion strategy is shown in Algorithm 1.

Algorithm 1 Generation of the auxiliary defenders’ motion strategy

Require: The position information of each agent at the current time;
Ensure:
Surrounding stage:
if N =2 then
The auxiliary defender is a pursuing defender who implements the pure pursuit strategy;
else
Divide auxiliary defenders into the pursuing defender and the surrounding defender;
The pursuing defender implements the pure pursuit strategy, the surrounding defender obtains
the direction of motion from the equation (15), and the speed of the surrounding defender is vp;
end if
Shrinking stage:
Number the defenders based on the relative position;
The motion strategies of each auxiliary defender can be obtained from the equation (17).

5. Numerical simulation

This section first designs the attacker’s motion strategy and sets various parameters in the simulation.
Then, in the case of two defenders, a comparative experiment is conducted to verify the effective-
ness of the primary defender’s motion strategy. And by simulating the case where there are three
defenders, we analyze the impact of the surround-shrink-capture strategy of auxiliary defenders on
the game.

5.1. Simulation settings

The objective of the attacker is capturing the target and at the same time escaping from the defenders,
and the only available information about the game is the position information of all players. Therefore, it
is suitable for the attacker to employ a position-based motion strategy. Since the artificial potential field
method is mainly based on the position (distance) information, it is adopted to determine the motion
strategy of the attacker in the numerical simulation. That is, the attacker will be subjected to attrac-
tive force from the target and repulsive force from various defenders. Define the size of the attacker’s
attractive force from the target

§d, ifd,=d,

18
gda.ts if da,t > dl ( )

[Fae( ) = i
where £ is the attractive gain coefficient, d, is the target’s maintain distance, d,, is the distance between
the attacker and the target, and the direction of this attractive force is directed by the attacker toward
the target. It can be seen that if the distance d,, is greater than or equal to the maintain distance d,, the
larger the distance d,,, the greater the attractive force on the attacker; if the distance d,, is less than the
maintain distance d,, the attractive force received by the attacker remains unchanged, thereby avoiding
the target unreachable problem caused by too small attractive force.

Define the size of repulsion the attacker receives from the defender D;

1 1 1 :
@] = {" [ -tla iran=d. (19)

Il =1 |
, ifdy; >d,.;

req
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Figure 9. Simulation results with two equivalent defenders.

where 7 is the repulsion gain coefficient, d.; is the defender D; ’s influence distance, d,; is the distance
between the attacker and the defender D;, and the direction of this repulsion is directed by the defender
D, toward the attacker. It can be seen that if the distance d,; is less than or equal to the influence distance
d.;, the smaller the distance d,;, the greater this repulsion force; if the distance d,; is greater than the
influence distance d_;, the attacker receives zero repulsion from the defender D;.

Furthermore, the resultant force received by the attacker is the superposition of the attractive force
from the target and the repulsive force from various defenders:

F(A)=Fu(A)+ ) F. (A) (20)

req
i=1

We specify the direction of the resultant force as the direction of the attacker’s motion, and the speed
is v4. As aresult, the attacker can approach the target as close as possible, and adjust its motion direction
in real-time to avoid being caught by the defender.

Meanwhile, we set the maximum speed v; = 10 m/s, v4 =20m/s, v, =20m/s, capture distance
r. =100 m, and the target can only move within a circle with a radius R =1 km, and the center coor-
dinate of this circle is (0, 0). In the design of the target’s motion strategy, we take the constant value
R’ = 0.8 km. In the design of the attacker’s motion strategy, we set d, = 20 m, the conversion coefficient
A =15. In the design of the defenders’ motion strategy, the attractive gain coefficient £ = 0.5, repul-
sive gain coefficient = 0.4, the maintain distance d, = 1.5 km, and the influence distance d.; = 0.2 km,
i=1...N.
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Figure 10. Simulation results with two classified defenders.

5.2. Simulation results and analysis

This section simulates and analyzes the case where there are two or three defenders. The simulation
with two defenders is shown in Figures 9 and 10, and the simulation with three defenders is shown in
Figures 11 and 12. In the figure, the labels A, D1, D2, and D3 represent the initial positions of the attacker
and defender D,, D, and D;, respectively. The curves starting from the corresponding labels represent
the motion trajectories of each agent. The label T represents the real-time position of the target at various
times, and the light-yellow circular area represents the restricted area where the target is located. The
motion trajectory of the defender is a light green dashed line, while the motion trajectory of the attacker
is an orange solid line. The hollow end of each trajectory represents the current position of each agent.

For the case where there are two defenders, the initial position of the target is set as (0,0), the ini-
tial position of the attacker is set as (0.7, 0.8), and the initial positions of the two defenders are set as
(1.0, 1.5) and (—1.5, 0.7), respectively. In Figure 9, the target adopts the motion strategy proposed in this
paper while the defenders all adopt a pure pursuit strategy, moving toward the attacker at the maximum
speed. From the game process, it can be seen that the target cooperates with the defenders, constantly
adjusting its position to avoid being captured by the attacker. The attacker receives repulsion from var-
ious defenders and attraction from the target, and then tries to approach the target as close as possible
while avoiding the defenders. Due to the relatively close distance between the attacker and the target
in the initial stage, the two defenders are unable to protect the target in a timely and effective manner.
When ¢ = 74s, the distance from the attacker to the target was less than the capture distance r,, and then
the attacker successfully captured the target 7, the game ended as shown in Figure 9(e).
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Figure 11. Simulation results of pure pursuit strategy.

In Figure 10, the target and each defender adopt the motion strategy proposed in this paper, while
keeping the initial positions of each agent unchanged. In the game, the defender D, was the primary
defender, following the proposed strategy in this paper to prevent the attacker from approaching the tar-
get. The defender D, was an auxiliary defender and adopted a pure pursuit strategy, moving toward the
attacker at the maximum speed. According to the game process, when ¢ = 68s, the attacker was forced to
move away from the target under the approach of the defender D,. When r = 84s, the distance between
the attacker and the defender D, was less than the capture distance 7., and then the defender completed
the capture of the attacker, the game ended, as shown in Figure 10(e). As shown in Figure 10(f), the
distance from the attacker to the target first decreases and then continuously increases, while the dis-
tance between the attacker and the nearest defender decreases continuously, eventually falling below the
capture distance r,.. It can be seen that the motion strategy proposed for the primary defender in this
paper can more effectively protect the target T by predicting the attacker’s attack intention.

For the case where there are three defenders, the initial position of the target is set as (0,0), the initial
position of the attacker is set as (1.5, 1.8), and the initial positions of the three defenders are set as (1.0,
1.5), (—0.8, 1.2), and (1.8, —0.5), respectively. In Figure 11, both the target and the primary defender
adopt the motion strategy proposed in this paper, while the auxiliary defenders adopt the pure pursuit
strategy. From the game process, it can be seen that the defender D, was the primary defender, effec-
tively preventing the attacker from approaching the target. Auxiliary defenders D; and D; closely follow
the attacker to reduce the distance between themselves and the attacker. When r = 307s, the distance
between the attacker and the defender D, was less than the capture distance r,, and then the defender
completed the capture of the attacker, the game ended, as shown in Figure 11(e). Although the defender
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Figure 12. Simulation results of surround-shrink-capture strategy.

ultimately succeeded in capturing the attacker, the capture time was relatively long and failed to leverage
the advantages of multiple agents.

In Figure 12, both the target and the defenders adopt the motion strategy proposed in this paper,
where the initial positions of each agent are the same as in Figure 11. When Os <t < 40s, the attacker
was located outside the convex polygon formed by three defenders. The defender D, was the primary
defender, and the defenders D, and D; were the auxiliary defenders. The auxiliary defender D, was
the closest to the attacker and implemented a surround strategy according to Algorithm 1. The auxiliary
defender D; adopted a pure pursuit strategy and kept approaching the attacker. When 40s < ¢ < 116s, the
attacker was located inside the convex polygon formed by three defenders, thus the auxiliary defenders
D, and D; adopted a shrink strategy according to Algorithm 1, constantly approaching the attacker
while maintaining the stability of the encirclement. When ¢ = 116s, the distance between the attacker
and the defender D, was less than the capture distance .., and then the defender completed the capture of
the attacker, the game ended, as shown in Figure 12(e). It can be seen that the surround-shrink-capture
strategy designed for auxiliary defenders can greatly reduce the time required to capture attackers.

6. Conclusion

This paper mainly studies the target-attacker-defender game where the target is in a restricted area, and
each agent can collect and utilize the position information only. We analyze and design the motion
strategies for the target and each defender. The target and each defender cooperate with each other to
capture the attacker as much as possible while protecting the target from being captured. In the design
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of motion strategies for the defenders, we divide defenders into primary defenders and auxiliary defend-
ers: the primary defender is mainly responsible for protecting the target from capture and the auxiliary
defenders adopt the surround-shrink-capture strategy to reduce the time required to capture the attacker.
Through simulation and comparative analysis, the impact of the number of defenders and the surround-
shrink-capture strategy of auxiliary defenders on the game results is obtained. In the future, we plan to
investigate the TAD game with more practical motion models of the agents and analyze the case where
multiple attackers exist.
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