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Abstract This paper investigates a cooperative strategy for protecting an aerial target. The

problem is solved as a game among four players (a target, two defenders, and a missile). In this

scenario, the target launches two defenders (defender-1 and defender-2) simultaneously, to establish

a one-way cooperation system (OCS) against an attacking missile. A new optimal evasion strategy

for the target is also derived. During the engagement, the target takes into account the reaction of

the attacking missile, and guides defender-1 to the interception point by receiving information from

defender-1. Depending on the control effort of the target, defender-2 can choose appropriate launch

conditions and use very limited maneuvering capability to intercept the missile. For adversaries with

first-order dynamics, simulation results show that the OCS allows two defenders to intercept the

missile. During the engagement, even if one defender or communication channel is broken, the

OCS still allows an interception to be made, thus increasing the target’s survivability.
� 2017 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

17

18 1. Introduction

19 With the rapid development of interception technology,
20 threats to aircraft are growing. Thus, aircraft need to establish
21 a defense system to protect themselves. The problem of an air-
22 craft defense system involves multiple agents, including an air-
23 craft, an attacking missile, and a defending missile. In this
24 scenario, the aircraft, the attacking missile, and the defending

25missile are referred to as the target, the attacker, and the
26defender, respectively. The interception problem
27conventionally involves a single missile pursuing a target. Over
28the years, a variety of guidance laws have been proposed to
29describe such one-on-one engagements while assuming perfect
30information.1,2

31In recent years, various pursuit-evasion scenarios involving
32multiple agents have been developed. A pursuit-evasion sce-
33nario in which several pursuers try to capture a single evader
34has been described.3–6 A game including two pursuers and
35one evader was investigated.7–9 In this game, the two pursuers
36attempted to minimize their distances from the evader, while
37the evader attempted to maximize its distances from the two
38pursuers. The game was investigated using differential theo-
39ries. Rusnak10 proposed a differential game for three persons,
40namely, a lady, a bandit, and a bodyguard. In order to solve
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41 the differential game, an approach based on multiple-objective
42 optimization theory was presented, and the required condi-
43 tions for the solution were discussed. Ratnoo and Shima11 pro-
44 posed an approach for protecting the target in the case where
45 the defender used the line-of-sight guidance law to pursue the
46 attacker at a speed at least as fast as that of the attacker. A dif-
47 ferent approach was used by Yamasaki et al.12,13 to address a
48 scenario in which the target protected itself by launching a
49 defender that used a new line-of-sight guidance law. Ratnoo
50 and Yamasaki proposed a similar method, wherein the pur-
51 pose was to command the defender to be in the line of sight
52 between the attacker and the target at all times. This approach
53 performs better than the one where the defender pursues the
54 attacker using a linear guidance law. Rubinsky and Gut-
55 man14–16 investigated an approach wherein the attacker could
56 evade the defender and continue pursuing the target in a sce-
57 nario in which the target and the defender were independent
58 and provided no help to each other. Further, Gutman and
59 Rubinsky17,18, in order to reduce the time error, used a new
60 method to calculate the interception time and proposed a
61 three-dimensional nonlinear vector guidance strategy. Ratnoo
62 and Shima19 analyzed a three-player problem in which the
63 attacker and the defender used different guidance laws.
64 Recently, different types of models of cooperation between
65 the target and the defender against the attacker have been pre-
66 sented. Perelman et al.20 reported a cooperative target-
67 defender guidance law with unbounded controls based on a
68 two-team linear quadratic differential game against a homing
69 missile. In this scenario, the target assists the defender in
70 intercepting the missile. Meanwhile, the target also performs
71 evasive maneuvers. Shaferman and Shima21 analyzed a
72 multiple-model adaptive control scheme to propose a possible
73 homing-missile guidance law. Further, Shima proposed two-
74 way linear quadratic strategies for optimal cooperation
75 between the target and the defender against a homing missile.
76 The missile used a known linear guidance law, but the defender
77 had limited maneuverability to intercept the attacker.22 How-
78 ever, it has been shown that two-way cooperation between
79 the defender and the target requires installation of additional
80 equipment on the defender, which may often be unavailable.23

81 In the same study, a one-way cooperation strategy was pre-
82 sented wherein only one defender protected the target. In this
83 strategy, the defender sends information independently to the
84 target, which lures the missile in a manner to assist the defen-
85 der to intercept it. The target sends a message to the defender
86 that allows it to turn toward the predicted intercept point.
87 However, the navigation gains and launch conditions of the
88 defender were not analyzed. A differential cooperative game
89 wherein the target and the defender cooperate against the
90 attacker was reported by Garcia et al.24,25 These studies pro-
91 vided optimal strategies for each one of the players and per-
92 formed additional analyses of the target escape regions for a
93 given target/attacker speed ratio.
94 However, in these studies, the defense system only had one
95 defender and the navigation gains of the players were not ana-
96 lyzed. Thus, if the defender or communication channel was to
97 break, the interception would fail. Meanwhile, because the
98 navigation gains of the players were not analyzed, the control
99 effort of the defender would be easily saturated, as it would not
100 be able to select a reasonable navigation gain. In this paper, we
101 set an aircraft’s protection as the background when the aircraft
102 faces an interceptor’s threat. In order to increase the level of

103the aircraft’s protection and survivability, we design a system
104with two defenders to protect the aircraft. The defenders and
105the aircraft exhibit one-way cooperation, and communication
106between the aircraft and the two defenders is complementary.
107Thus, even if one of the defenders or communication channels
108is broken, the system can still intercept the missile. The naviga-
109tion gain of the defenders is analyzed, and one can select a rea-
110sonable navigation gain for the defenders while avoiding the
111need for control efforts larger than the defenders’ maximum
112control ability.

1132. Problem formulation

1142.1. Problem description

115The endgame scenario and problem flow chart are displayed in
116Fig. 1. The problem consists of four entities: an attacking mis-
117sile (M), an aircraft described as a target (T), and two defend-
118ers (D1 and D2). It is assumed that defender-1 uses a linear
119guidance strategy to intercept the attacking missile while send-
120ing information to the target, and that defender-2 receives the
121control effort information from the target regarding the pre-
122dicted intercept point. The target launches the defenders to
123form an OCS to protect itself. It is assumed that the missile
124attacks the target using a linear guidance strategy that is
125known to the target. The ranges between the target and the
126missile, the missile and defender-1, and the missile and
127defender-2 are denoted by RMT; RMD1

, and RMD2
, respectively.

128Further, VM; VT; VD1
, and VD2

are the velocities of the missile,
129the target, defender-1, and defender-2, respectively. Their lat-
130eral accelerations are denoted as aM; aT; aD1

, and aD2
, respec-

131tively. The lines of sight between the target and the missile,

Fig. 1 Engagement geometry and problem flow chart.
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