Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Reinforcement Learning-Based Dynamic Event-
Triggered Nonlinear Games Under Incomplete and
Asymmetric Information

Tao Ren
Air Force Engineering University

Lei Shao
Zi_shaolei_ 20212163, com

Air Force Engineering University

Shu Li
Liaoning University of Technology

Research Article

Keywords: Reinforcement learning (RL), dynamic event-triggered (DET), nonlinear game, maneuverability
constraints, incomplete and asymmetric information

Posted Date: November 11th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-11373276/v1

License: €© ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-11373276/v1
https://doi.org/10.21203/rs.3.rs-11373276/v1
https://doi.org/10.21203/rs.3.rs-11373276/v1
https://creativecommons.org/licenses/by/4.0/

Reinforcement Learning-Based Dynamic
Event-Triggered Nonlinear Games Under
Incomplete and Asymmetric Information

Tao Ren', Lei Shao'™f, Shu Li?t

! Air Defence and Antimissile School, Air Force Engineering University,
Xi’an, 710038, China.
2Provincial Key Laboratory of Intelligent Control Theory and
Application, Liaoning University of Technology, Jinzhou, 121001, China.

*Corresponding author(s). E-mail(s): zj_shaolei_2021@Q163.com;
Contributing authors: rentaolab2022@outlook.com;
li_shu43@Inut.edu.cn;

TThese authors contributed equally to this work.

Abstract

This article proposes a dynamic event-triggered reinforcement-learning-based
composite game interception method for unknown maneuvering targets under
incomplete and asymmetric information and maneuverability constraints. Unlike
many existing game-based interception methods that rely on a worst-case tar-
get response assumption, the proposed method evaluates the real-time effect of
target maneuvers and adaptively switches between a nongame optimal strategy
and a game-based strategy. This reduces unnecessary policy conservatism while
preserving robustness against strongly evasive maneuvers. To address unknown
target intention preference, a disturbance observer is designed to reconstruct the
target maneuvering input, and the intention weighting matrix is inferred through
the target-side optimality condition. Critic, actor, and virtual actor neural net-
works are developed to approximate the value function, the interceptor policy,
and the virtual target policy, respectively. Dynamic event-triggered mechanisms
are further introduced to reduce redundant policy updates and situation evalua-
tions. The closed-loop system state, neural-network weight estimation errors, and
disturbance observation error are proved to be uniformly ultimately bounded,
and Zeno behavior is excluded. Simulation results demonstrate the effectiveness
of the proposed method.
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1 Introduction

With the rapid development of aerospace technologies and intelligent unmanned sys-
tems, adversarial missions such as aerospace defense, target capture, on-orbit pursuit
evasion, and unmanned swarm confrontation have received increasing attention [1-4]
. Intercepting an unknown maneuvering target is a representative problem in such
missions. In this problem, the interceptor is required to generate an effective inter-
ception strategy under complex dynamic environments, limited sensing information,
and constrained maneuverability, while the target may actively maneuver to degrade
interception performance and improve its survivability. Since the objectives of the
interceptor and the target are intrinsically conflicting, their interaction can be nat-
urally modeled as a two-player game under the ideal assumption of complete and
symmetric information [5, 6]. However, the relative dynamics between the inter-
ceptor and the target exhibit pronounced nonlinearities that cannot be accurately
represented by conventional linearized models. Consequently, interception against
maneuvering targets constitutes a challenging nonlinear game problem, whose solution
is substantially more difficult than that of linear-quadratic differential games.

For nonlinear games, the optimal interception and evasion strategies are generally
characterized by the Nash equilibrium (NE) associated with the Hamilton—Jacobi-
Isaacs (HJI) equation. However, the analytical solution of the HJI equation is difficult
to obtain in practical interception scenarios due to nonlinear dynamics, input con-
straints, and uncertainties in target behavior. RL and adaptive dynamic programming
(ADP) provide effective tools for approximating value functions and updating poli-
cies online [7-10]. Nevertheless, most existing RL-based game-learning methods are
developed under relatively ideal information structures, where the opponent’s cost-
function parameters or intention-related weights are assumed to be known or fixed.
This assumption is restrictive for intercepting unknown noncooperative targets, since
the target weighting matrix usually reflects its implicit maneuvering intention, namely
the tradeoff between evasion performance and maneuvering energy consumption. If
such intention information is unavailable or inaccurately described, the HJI equation
constructed by the interceptor may deviate from the actual adversarial interaction,
resulting in inaccurate equilibrium policy learning. Although inverse optimal con-
trol and inverse RL have been used to infer unknown cost-function parameters from
observed behaviors [13-15], integrating online target intention estimation into nonlin-
ear game-based interception under asymmetric and incomplete information remains
insufficiently studied.

Another important issue is the conservatism of game-based interception strate-
gies. The NE essentially corresponds to a stable worst-case response: no player can
improve its own payoff by unilaterally changing its strategy when the strategy of the
other player remains unchanged [17]. From the interceptor’s perspective, such a design
improves robustness against strongly maneuvering targets. However, in real missions,



the target may not always adopt the most adverse rational evasion strategy. When
the target exhibits weak, intermittent, or phase-dependent maneuvers, always treat-
ing it as a fully rational adversary may lead to unnecessary energy consumption and
excessive policy conservatism. Therefore, it is necessary to evaluate the actual influ-
ence of target maneuvers on the current interception situation and adaptively select
an appropriate interception mode.

Moreover, the online implementation of RL-based game strategies usually requires
iterative policy updates and frequent information exchange. In high-speed intercep-
tion scenarios, continuous state evolution and policy interaction generate substantial
data transmission and computational demands. Conventional time-triggered schemes
update neural-network weights and control policies at every sampling instant, which
may be inefficient for aerospace interception systems with stringent real-time require-
ments and limited onboard resources. Event-triggered mechanisms offer a promising
solution by updating information only when necessary [18-20]. However, most exist-
ing event-triggered methods rely on static triggering rules [21, 22], which are difficult
to adapt to rapidly evolving adversarial situations. Although dynamic event-triggered
mechanisms improve flexibility by introducing internal dynamic variables or auxil-
iary dynamics [23-26]. their application to unknown maneuvering target interception
remains limited, especially when the target intention is unknown, the interceptor is
maneuverability constrained, and the adversarial situation evolves continuously.

Based on the above analysis, this article proposes an RL-based dynamic event-
triggered composite game interception scheme for nonlinear games with maneu-
verability constraints under incomplete and asymmetric information. The proposed
scheme simultaneously addresses target-intention uncertainty, strategy conservatism,
and online computational burden. The main contributions are summarized as follows.

1) Unlike existing game-based interception methods [4], [8], [16], which treat
the target as a worst-case adversarial opponent throughout the entire engagement,
this article proposes a situation-aware composite interception architecture. The con-
structed adaptive switching function quantifies the real-time influence of target
maneuvers on the current interception situation, and the game-based mode is activated
only when this influence exceeds a designed threshold; otherwise, the nongame optimal
mode is adopted. This design preserves the robustness of worst-case game strategies
when the target performs adversarial maneuvers, while avoiding the excessive conser-
vatism and redundant control effort induced by persistent game-based treatment when
the target maneuver is weak or nongame.

2)Different from game-learning methods that assume the opponent’s intention
weighting parameters to be known [5], and from intention inference methods devel-
oped for human-machine cooperative interaction scenarios [13], [14], [15], this article
proposes an online target-intention estimation mechanism embedded in adversarial
game learning. First, a disturbance observer is employed to reconstruct the target’s
actually executed maneuver from engagement measurements; then, by inverting the
optimality mapping between the target’s optimal strategy and its cost weights, the
unknown intention weighting matrix is recovered online, with a provably bounded esti-
mation error. The estimated intention is incorporated into the virtual actor network,



so that the virtual target policy employed in the interceptor’s game solver continu-
ously approaches the true target policy, thereby improving the accuracy of equilibrium
strategy learning under incomplete information.

3)Compared with time-triggered reinforcement learning implementations and
static triggering rules [21], [22] this article proposes a nested dual dynamic event-
triggered mechanism, in which the two triggering mechanisms undertake distinct
responsibilities: the state-triggered mechanism schedules state transmission and
neural-network policy updates, while the situation-triggered mechanism is responsible
for judging the switching of interception modes and is evaluated only on the triggering-
time sequence of the state-triggered mechanism. Since both mechanisms verify their
triggering conditions only at periodic sampling instants, their inter-event times are
lower-bounded by the sampling period, thereby excluding Zeno behavior by construc-
tion. While reducing the computational and transmission burden of online learning,
the nested design suppresses frequent mode switching caused by small-amplitude
fluctuations of the situation function.

The remainder of this article is organized as follows. Section 2 formulates the
nonlinear game model of the two players and derives the composite game equations.
Section 3 develops two dynamic triggering mechanisms. Section 4 presents the dynamic
event-triggered game-learning method, including neural networks (NNs) design, stabil-
ity analysis, and the target intention matrix estimation mechanism. Section 5 provides
numerical simulations to validate the proposed method. Finally, Section 6 concludes
this article.

2 Problem formulation and preliminaries
2.1 Nonlinear games under incomplete and asymmetric
information

To enable the development and validation of the proposed method, a typical inter-
ception engagement scenario is considered, as shown in Fig. 1. The following three
-dimensional relative motion dynamics of the two players are established [28]:

i =rq? + rgjeos’qe + ary — ayy

fe = =274 /7 — q'?s cos qc sinqe — (anre — are) /7
Gs = —274p/r + 24-4p tan gc + (app — arp) /1 COS qe (1)
apre = — (aMs - us) /TE

amp = — (amp —ug) /75

where, r is the relative distance between the interceptor and the target, ¢. and gg
are the relative line-of-sight angles. The acceleration components of the interceptor
and the target along the line-of-sight coordinate axes are respectively denoted by
ay = [aMT,aM€7aMB]T and ar = [aTT,aTg,aTg]T. 7. and 75 are the time constants
of the interceptor acceleration variation. In general, the interception process aims
to drive the line-of-sight angular rates to zero. Therefore, a,s,. is not treated as the
interceptor input. Instead, aase and app are used as the input variables for designing



the interception strategy, The corresponding target input is also given by ar. and arg
[28].

According to (1), the continuous-time nonlinear game system can be formulated
as follows [16]:

& (t) = f(z)+g(@)u(t)+h(@)v() (2)
where, the system states are z = [ge, ¢, qg,q/g]T, considering the limited maneu-
verability of the interceptor,u (t) is the constrained interceptor input, where each
component satisfies |u| < ¢ , and § is a positive constant, and v (¢) is the control input
of the target. The function f (z) represents the system dynamics, while g (z) and h (x)
are known continuous nonlinear functions satisfying ||g (z)|| < g, ||k (2)| < h, where
g and h are positive constants.
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Fig. 1 Geometry of the three-dimensional interception engagement in the inertial and LOS frames.

Define the following finite-horizon cost function:

ty

T(@t) =@ (ty) 1) + [ v (wu)ds 3)
t

where, 7 (z,u,v) = Q (z) + U (u, R1) —vT Ryv, Q is a positive definite function, Ry
and Ry denote the intention-related weighting matrices of the two players. In this arti-
cle, target intention does not refer of whether the target performs evasive maneuvers.
Instead, it refers to the latent strategic preference embedded in the target cost func-
tion, where Ry characterizes the target’s tradeoff between evasion performance and
maneuvering expenditure. ® = 27 (ty) z (t7) is the terminal cost function, ¢s is the
terminal time, and U (u, R;) is a nonquadratic utility function used to handle input

saturation constraints [16], defined as



U (u, Ry) —2/5tanh T((S)RldT

_ z(s(tam}r1 (%)) Riu+ 2R In (1 - (§)2> (4)

where the remaining time is denoted by 7 =ty —t.

The interceptor and the target optimize their respective strategies by minimizing
and maximizing the predefined cost function, respectively, to achieve their individual
objectives. Such an interaction is typically modeled as a two-player zero-sum (ZS)
game, which aims to obtain the saddle-point solution of the associated optimization
problem. Assume that the saddle point exists and is unique. Then, the optimal strategy
pair {u*,v*} satisfies the following saddle point equilibrium condition [16]:

J* (xg,u",v) < J* (zo,u”,0*) < J* (20, u,v")

Based on the continuous differentiability of the cost function, define the Hamilto-
nian function as [27]:

H (z,u,0) = (Vo) [f (2) + g (@) u(t) + h () v (1)) + Vi
+Q(x)+ U (u,Ry) — v Ryv

By setting %—Z =0 and %—IZ = 0, the optimal strategies can be obtained as:

u* = —%(5 tanh (n*) (5)

1
vt =Ry T (1) Vi S (6)

where, n* = 1R g7 (2) V,J*.
Based on the (5) and (6), yields the finite-horizon HJI equation:

H (z,u",v") = ( I f (@) + g () u” (8) + b (z) v* (1))
Q(x)+U* (u*,Ry) —v*TRyv* + V,J*
J")

( IV (@) + VT +Q (2)
— %R152 In (1 — tanh? (7))

1
+ inJ*Th (z) Ry *hT (2) V,J*
=0 (7)



Remark 1: In the above game-strategy solution process, both players have their
own cognition of the opponent’s intention parameters and their own judgment of the
opponent’s intention. Such judgments are private information rather than public infor-
mation. Let the intention information possessed by the interceptor be I, = (R7*, RY"),
and that possessed by the target be I, = (R}, R}). The above derivations of the
optimal strategies are established under an ideal game setting, where both players
are assumed to have identical intention preference matrices, i.e.,R"* = R! = Ry,

" = RY = R, or the interceptor has complete knowledge of the target’s intention.

Definition 1: In practical interception scenarios, the interceptor and the target
generally possess different mission objectives and decision preferences. Due to fac-
tors such as maneuverability constraints, control costs, and engagement environments,
the interceptor tends to prioritize reducing interception risks and control consump-
tion, whereas the target aims to improve its survivability through evasive maneuvers.
Therefore, the weighting matrices characterizing the decision preferences of the two
players are generally different. Moreover, the target intention preference matrix is typ-
ically private decision information that cannot be directly obtained by the interceptor,
resulting in an incomplete and asymmetric information structure.

Accordingly, instead of the conventional complete-information assumption, this
article considers an interception scenario with unknown target intention under
incomplete and asymmetric information. Under such an information structure, the
interceptor cannot directly access the actual target strategy required for equilibrium
strategy computation due to the lack of target intention information. Consequently,
the interceptor cannot accurately update its policy according to the actual adversarial
interaction. To address this issue, a virtual target strategy is introduced to approxi-
mate the unknown target policy and provide the necessary adversarial information for
game-based strategy learning [16].

For the interceptor, the uncertainty of the target intention means that its decision-
making can only rely on locally available private information when designing the
interception strategy. Therefore, the cost functions of the interceptor are redesigned
as:

ty
T =0 (atr)t) + [ Q@)+ U, RY) — T B v, (3)
t

where, v, denotes the virtual target strategy, namely the interceptor’s estimate of
the target strategy.

For the target, although the target knows the interceptor’s intention, it does not
know the actual strategy adopted by the interceptor during the game process.

tf
Jo=—|®(z(ty),ty) + / Q (z) +u) Riu, —vT Rbvdt (9)
t

where u, denotes the virtual interceptor strategy, namely the target’s estimate of
the interceptor strategy. Moreover, J,,, # —J;.



Remark 2: For interception scenarios with unknown target intentions, the
complete-information assumption in Remark 1 is relaxed to an incomplete and asym-
metric information setting. The matrix @ (z) and R; are assumed to be common
knowledge, Rf* = R! = R;.The target intention weighting matrix Ry is treated as
private information that cannot be directly accessed by the interceptor.

2.2 Composite game equations

The cost function in (8) reflects both instantaneous maneuvering cost and long-term
interception performance [16]. However, the target may not remain strongly adversarial
during the entire engagement. Its maneuvering effect can vary with the flight phase,
relative geometry, and remaining interception time. If the target only performs weak
or intermittent maneuvers, always treating it as a rational adversary may lead to an
overly conservative interception strategy. Therefore, a situation-dependent switching
mechanism is introduced to evaluate the actual influence of the target maneuver and
select an appropriate interception mode.

Therefore, define the following adaptive switching function based on the game
situation of the two players:

|1, ¢>h,
C_{O,gghp (10)

where h, is a threshold parameter to be designed. The variable ¢ = p,, m =€,
is used to characterize the degree to which the target maneuver affects the current
interception situation. By analyzing this quantity, one can determine whether the
current target maneuver has a sufficiently significant adverse influence on the inter-
ception process. To quantitatively describe the influence of the target maneuver on
the interception situation, the following situation-evaluation functions are introduced:

ti+1
pr = k22 (t2+1) + / vy (t)dt
ty
where, k, > 0 is a weighting coefficient, and {tZ}zc’:O is the dynamic event-triggered
sampling-time sequence designed later. This avoids continuous judgment throughout
the entire game process, excludes Zeno behavior, and reduces unnecessary computa-
tional burden. The terms v, is the target-strategy estimates obtained by the observer

designed later. Z;, is the zero-effort-miss, which describe interception accuracy [28] ,
and are expressed as:

Ztﬂ' (t) = _7;(j7rt30 + ZTK'O

where, Z,q is the initial relative distances.

Based on the above switching mechanism, the interceptor can adaptively select
the strategy-solution mode according to the influence of the target maneuver on the
current interception situation. If the target maneuver has a significant influence on the
current interception situation, the interception problem is formulated as a nonlinear
game problem and solved to obtain the game-based interception strategy. If the target



maneuver has a limited influence on the current interception situation, it is treated as
an estimable external disturbance, and the problem is transformed into a unilateral
optimal-control problem for the interceptor. Accordingly, the interceptor cost function
is transformed into:

ty

T =0 (e tr) ) + [ Q@)+ U () = ol By (11)

Based on the nonlinear game system in (2) , the finite-horizon cost functions with
maneuverability constraints in (3) and (4) , and the incomplete and asymmetric infor-
mation structures in (8), (9) and (11), the objective of this article is to develop a
dynamic event-triggered composite game-learning framework for unknown maneuver-
ing target interception under incomplete and asymmetric information. The overall
architecture of the proposed method is shown in Fig. 2.

Remark 3: It is worth noting that the proposed composite strategy switching
mechanism does not aim to identify the existence of target maneuvering behavior itself.
Rather, it evaluates the extent to which target maneuvers affect the current intercep-
tion process by integrating target motion information with the engagement situation,
and accordingly determines whether the game-based mode should be activated. This
design focuses on the practical influence of target maneuvers during the current inter-
ception phase instead of relying on a fixed maneuver classification criterion, thereby
providing a more general applicability.

Composite Game Farmwork RL-Base Game Learning

~ Actor NN

State u Cost
Eq. (21) Eq. (14)
Eq. (1) Eq. (49)
. S
Critic NN

g S
X Triggered Function | C Error [
Eq. (29 Eq. (13)
| Eq. (47)
Y ! Virtual Actor |
Disturbance d Target Intent : i
Observer Eastimation Ié” " Cost 1 :
Eq. (65), (66) Eq. (67) ; 2 Function ]
= Eq.(14) ] ! ‘
V, ] 1

Target Intention Eastimation v N o AV

Fig. 2 The overall structural farmwork in this paper.

3 Dynamic event-triggered strategy design

This section proposes two event-triggered mechanisms. The first is a state-triggered
mechanism, which is used to reduce the computational and transmission burden of the
RL network and thus decrease the computational cost of the system. The second is a



situation triggered mechanism, which is designed to avoid frequent strategy switching
caused by small-amplitude fluctuations of the situation function.

Define the sampled state and the error between the actual state and the sampled
state as:

iy () = { a;(ff))” vt f:[t%ﬁ“) (12)
e (t) = 2 (t) — z () (13)

where, {t}, }2’;0 is a monotonically increasing triggering-time sequence.
Based on (5) and (6), the event-triggered optimal strategies are obtained as:

" () = ~ 8 tanh (" (1) (14)

v (1) =y Re AT (2 (1) V" () (15)

where n* (t7) = %Rl_lgT () Vg J*.
Accordingly, system (2) can be expressed as:

& (t) = f(x) +g (@) u” (t;) + h (z) 0" (t;)
Assumption 1[17]: The optimal strategies are Lipschitz continuous, there exist
positive constants A\, and A, such that:

[l (%) = w (Ol < Aullex ()]

[[o* (%) = o (DI < Ao [le @)

Assumption 2[16]:The optimal cost function exists and is continuously differen-
tiable. That is, there exist positive constants A, and A such that ||V,J% || < Ay, and
IVeTnll < Ase.

Theorem 1: For the nonlinear zero-sum game system and its finite-horizon cost
function, if Assumption 2 and the following event-triggered condition hold, then the
system state is uniformly ultimately bounded (UUB)[17].

The dynamic event-triggered condition is defined as:

1= p2) Auin z|* +
tiﬂzinf{t:ti—i—mﬂkz (t)||2>( p’) (@) =] 7} (16)

s | Ball AG + [[ Rl A

where, the triggering mechanism designed in this section transmits and updates
the system state only at periodic sampling instants. ¢+ € N, A > 0 is the sampling
period of the event-triggered mechanism, Ay, (@) is the minimum eigenvalue of @,
0 < kp < 1is an event-triggered parameter, s = d Ayanh, Atann 1S the Lipschitz constant
on compact sets of tanh™" (-).

The internal dynamic variable  satisfies:

10



i =k (7(1) + (1= k%) Amin (@) |2
= (s IR AL+ IBFIA) llew ()]

where, k,, is a positive constant and ~ (0) > 0.
Lemma 1[9]: For any ¢ € [0,ts), the following inequalities hold:

7+ kg (1= £02) Ain (@) l2l]* = (s I1RLIAZ + [R5 A2) flea (D)) > 0

Proof: Choose the following Lyapunov function:

Vie=Jn+7
Taking the first derivative and substituting (2) yield:

Vie=J5 +4
= (Vadi) (@) + 9 @)w (1) + (@) ()
(Vi) o)t () — ut () + V0,

(v J*)T () (0" (1) — " (1)

) (1 —kp ) min (Q) ||x||2
( HRlH + RS A2) llew ()]

Based on (5), (6) and (7) we get:

Vi = 2(v") "R (v* (1) — v* (1)) + c(v*) Ry'v*
— 25tanh " (“ ;t)) Ry (0 (£) — u* (1))

- kn ('Y (t)) + (1 - kDZ) )\min (Q) ||TEH2
= (sIRIN, + IR AZ) llew (O] = Q (@) = U™ (u")

Further, based on (4), we obtain:

w (1)
U* (u*) =2 / Stanh~T (%)Rldr LU (u* (19))
ur (t)

11



By using Assumptions 1 and 2 as well as the Lipschitz property of tanh™* (),
substituting (19) into (18), yield:

u” (t)

Vi, <2 / Stanh™ T <%>R1d7 = U (u" (7))

T

-2 Stanh™T ((5

ur (t)
+ (0" (tF) — v (1)) "Ry (v* (1) — 0" (1)) — Q ()
— kg (7 (£) + (1 = £p2) Auin (Q) |12
— (IR [ A% + 1RSI AZ) llew (B)])* (20)

)RldT +2(0*) T R

Further collated to get:

. 1 -
Vie < =U (u* (£)) = Ain (Q) [l]* + 5&5 [R5 || h?
— kg (7 (£) + (1 — kp?) Anin (Q) ||z
+ (s[RI AL+ RS A2) Nlew (1)1 (21)

Therefore, when the triggering condition is satisfied and the state norm is satisfied

A2 || re||p2—U (u= (£ . 2
Jall > \/ sellF U0 l0)) ;< iy (3 () = Ain (@) el =7 < 0.

Define the sampled situation state and the error between the situation state and
its sampled value as:

R p(ty), Vt € [t t5,1)
t) = :
pk() { p(t)v t:tk+1

es = pr(t) = p (1)
The following situation-triggered condition is designed:

ty1 = inf {tﬁﬂ- les (t) > a5 ores(t) <o } (22)

The interception-strategy switching mechanism designed above evaluates the target
characteristic only at the triggering instants of the situation triggered mechanism.

Moreover, the triggering judgment instants of the situation- triggered mechanism
are selected from the state-triggered time sequence {t}},~,, {t;} € {ti} € RT[29].The
tf.; denotes the k + ¢ th triggering instant of the state-triggered mechanism in (16),
which is also the k£ 4+ 1 th triggering instant of the situation triggered mechanism in

12



(22). Let t§ = t§ = to which means that the initial instant is also the first triggering
instant.

The triggering sampling structure of the two mechanisms is shown in Fig. 3.

Notably, since the situation-triggered mechanism is judged on the triggering-time
sequence of the state-triggered mechanism, while the state-triggered mechanism veri-
fies the triggering condition only at periodic sampling instants, the inter-event time of
both triggering mechanisms is greater than or equal to the periodic sampling interval.
Therefore, Zeno behavior is naturally excluded [29].

h(1=6)

O\ %7 2n\3h\4h S5h 6h

4 Hion f

Inter-event time

Fig. 3 Event-triggered sampling structure.

4 Event-triggered game learning and target intention
estimation based on RL

4.1 Critic NN approximation

The critic NN is designed to approximate the cost function and the terminal cost
function:

T (x,t) = (Wh) 01 (2,7) + &1 (23)

I (@ (tg) tf) = " (z (L), tf)
= (W) 01 (x (tf),0) + ey (24)

From (23), the partial derivatives of the cost function with respect to  and ¢ are:
Vodm (2,t) = (Vob: (2,7) Wi + Ve (z,7)
Vidm (2,t) = (Vi0: (2, 7)) Wi + Vier (z,t)

Substituting into (14) and (15), the event-triggered optimal strategies can be
expressed as:

13



u* (1) = — 56 tanh (7" (1)) (25)

2 (0) = S (RE) AT () (Vb e 1), 7)) W
+Vier (x () , 1)) (26)

The ideal weight estimates are defined as:

i (@, t) = W6 (2, 7) (27)

&* (x (t5),t7) = W61 (& (1) ,0) (28)
According to (23) and (24), the Hamiltonian can be represented as:

H (z,u,v,) = (W) Vaby (2,7) (f () + g (z) u” (£])
Fh()v,* (1) + (W) Vb (z,7) + 2T Qx
+ U (u” (6), RY") = (v (8)) " Ry"v," ()
=E€H (29)
where ey = —Vye1 (z,t) — Va1 T (z,8) (f (z) + g (x) u* (£7)
+h () v,* (t7) is the approximation error of the critic NN.
4.2 Actor NN and virtual action NN approximation
The actor NN and virtual actor NN are used to approximate the interceptor strategy
and the virtual target strategy, respectively:

i (1) = — 56 tamh (5 (1) (30)

b (1) = 3 (RE)™RT (1F) (Vb (1)) W5 (31)

where 7 (i) = 5(RT") "' g™ (t) (Vb1 (6)) W
Based on (30) and (31), the approximate HJI equation is obtained as:

H (2,1, 0,) = —0,(t2) "Ry D, (£7) + WV 0, (z,7) *
* (f () + g (z)a(t;) + h(x) 0y (7))
+ WV, (2,7)+Q (x) + U (4 (tf) , Ry)
=ey (32)

Combining ey, the estimation error of the HJB equation is given by:

14



eg =cg + WlTVtHl (z,7)+ WlTVle (z,7)*
# (f (z) + g (z)a (i) + h(2) 0, (7)) (33)

where, Wy = Wy — W is the NN weight approximation error.
Based on (24) and (28), the terminal constraint estimation error is

e, = O (x(ty), tr) — ® (2 (tf),tf)
= W0y (2 (tr),0) — W10y (2 (ty),0) +e1 ()
= W16y (x(tf),0) — &1 (2, ty) (34)

Construct the following objective function:

1 1
V., = 56%6]—[ + ietTfetf (35)
The objective is to minimize (35) and ensure that all signals remain bounded during

learning. Based on the gradient descent method, the adaptive update law of the critic
network weight is designed as:

: )% 0 0
W1 = —kl Ae = —k;leHﬁ — k‘letf&
oWy oW, oWy
Using (32) and (34),(36), the critic weight update law can be rewritten as:

(36)

Wy = —kakn (1 (2, (8) , 00 (4) + KE WA ) — ke,
= —kiki e, — kiky (0°RyIn (1 — tanh® (7 (¢])))
FQ @)~ WV (2 (1), ) (BE) W (2)
(Vs ( (1) 7)) W)
+ W0 (@ (), 7) g (2) tanh (7 (#)) + KE W, (37)

.77 R - ke g § 1
(L=l )™ (1 ey )™ (A—kigkar)
tors. The normalization terms are used to avoid divergence of the weight update law
caused by excessively large ky and k. The parameter k; is the critic network learn-
ing rate. ky, = —01 (2 (ty),0), kg = Vb1 (x,7) (f (x) + g (x) 0 (t) + h(x) 0, (1)) +
V0T (z,7).

The actor and virtual actor networks are used to approximate the interceptor
strategy and the virtual target strategy, respectively. Their weights are updated by:

where kg = > are normalized regressor vec-

A oV, 36}[ aet
Wy = —ko® = —hyey o e, Tl 38
2 oW, oW, T o, (38)
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2 oV, 0 0
W3 = _k37A = —kgeHg - kgetf&
8W3 8W3 aW?)

Furthermore, a Lyapunov gradient term is introduced to remove the requirement
of an initial admissible policy in traditional gradient descent methods [16] . Combining
(7), (30), (31), (32) and (34), the weight update laws are obtained as:

(39)

*

Wa = —3ha= (0,0(65) 0, (6) Vb (2 (), 7)
*9 (@) Ry (1 - tanh® (4 (1)) ¢ () VoS
+halVe — kaV,0s (@ (), 7) g (@) S tanh (3 () ERW, (40

Ws = —%k;},E (@, 0 (ty), 0y (7)) Vb (x (t) . 7) *

xh(z) (RS AT (2) Vo] + ksWs

— ThaVas (2 6), ) A (@) () AT ()

(V201 (o (), 7)) Wk 1, (a1)

The sign function = (x, 4, ¥,) is defined as [16]:

Eumﬁn:{&(VJfkﬂm+g@m@@+h@MM%»<o
L otherwise

where, J (z) is a continuously differentiable Lyapunov function for system (2).
There exists a positive definite matrix © such that

J (@) = (Vad)" (f (@) + g (@) u" (1) + b (x) 0" (1)
< —(V.J) ev,J (42)

Remark 4: When the interception system degenerates into a unilateral optimal
control problem, only the actor—critic network is used to approximate the optimal
value function and the optimal strategy, in order to reduce network complexity and
computational burden. In this case, the virtual actor network is no longer used to
approximate the target strategy.

4.3 Stability analysis

Theorem 2: Consider the nonlinear game system (2), the event-triggered strategy
(16), and the NN weight update laws(37), (40) and (41). Under Assumptions 1-3, the
proposed triggering strategy guarantees that the states of the event-triggered closed-
loop system and the weight approximation errors are UUB [17].
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Assumption 3[11]: For the NNs in (23),(30) and (31), the ideal weights W;
approximation errors e; are norm bounded. That is, there exist positive constants
& , W; such that |[Wi|| < Wi, |leil| < &, i = 1,2,3. In addition, for Ve; and V6;,
there exist positive constants such that &y; and ¢y; are bounded for ||Ve;|| < &v;,
V01| < Ov1,i=1,2,3.

Proof: Choose the following Lyapunov function:

V=V, +Vo=J: (x,t)+ J (x(t]) ,t) + J (x)
- 1 = 1 - 1 - 7=
J ( (tf —WIWy + — W Wa + — WS W, 43
+ (‘T(k))+7+2k1 1 1+2I€2 2 2+2k3 3 Ws (43)
where J, (z,t) is the optimal cost function and J}}, (z (¢7) ,t) is its event-triggered
representation.
According to whether an event is triggered, the proof considers the following two
cases.
Casel: The event is not triggered, t € [t"}g, tiﬂ).

In this case, J%, (x (t2),t) = 0, j(x (t%)) = 0. By taking the time derivative of (43):

. . . B 1 -~ K 1 ~ <
V=VitVa=J(a)+ W Wi+ —WW,
1 2
1 =~ B .
+k—W§W3+J*(x,t)+7 (44)
3
where,
3 - 1 g AN 1 ) A 1 e
k1 ko k3

1 -~ i ~
?WlTwl = —W{ky (6*RiIn (1 — tanh® (5 (7))
1
+ WV 01 (x (t2) ,7) g () tanh (7 (£7)) + ki Wi
1

+Q(2)— ViV (z (1), 7) (By) ' h" (2) *

(Va0 (2 (8),7) " Wa) = Wik e,

After simplification:
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1 ~ < - T ~ xT — ~ T
Wy = T Ry (R s (3 (1) Ry — tanh™ (7 (1) ) »

697 () (Vaby (x (8) 7)) We

+ Wi kg Rysgn (7 (t1)) Ry 'g™ (2) *

(Vb (x (t8), 7)) Wi + W ky ki Wi
+ Wiky (e + 62 Ry (2sgn (1 (£0)) n* ()
—ey — &) + WIV,0 (2 (t8),7) f (2))
1 o _
= W kr W20 (2 () 7) (RS hT ()«

(Vb (x (), 7)) Ws — Wi ki e,

(46)

where, In (1 — tanh® (7} (7)) = ¢ — 2sgn(n)n + &y, £ = diag {In4,In4}, ¢, is

approximate error,sgn (n) = diag {sgn (n) ,sgn ()}, kx, = kg = 17’]:%[16].

1 -~ B ~
EWQTWQ S WEVL01 (x (7)), 7) g (x) 6 tanh (7 (7)) ki Wy
+ W Vo1 (2 (), 7) g (x) § tanh (5 (£5)) ki Wh
1. — ~ T ~ x x
— W2 E(@,a(ty), 0 (t5)) Vaby ( (), 7)
* g () Rl_l (1 — tanh? (7 (t;))) gt (7) VJ + WzTWQ

1

. - - - 1.~ _
- WEiWs < WIws + ngvwel (z (t2),7) h(z) (RY) '«
3

«hT (2) (Vaby (2 () . 7)) Wak s Wi

+ iwgvxel (z(t5),7) h(z) (RF)hT () *
# (Vo (@ (), 7)) Wakly W)

— ShsE (1) 0 () Vb (2 (), 7)

wh(z) (R AT (@) Vo d + ksWs

Based on Assumptions 1-3, substituting (46)-(48) into (45) :
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Vi € “Anin(©)T |V I||” = KT KoKy + Ky || K|

VIS (0, () 00 (6) Vah (@ (8) 1)

#g (@) Ry (1~ tank? (7 (t))) 8" (2) Vo]

— SHo= @065 0 () Vb (2 (1) 7)

«h(z) (RP)'WT (2) Vo + ksWs (49)

where

T
K = kgHWhWQT,W?ﬂ ,
[ Ko1 Koo
K —
7 | Kos K24]

_foo _ _ _ 3
Kzl__OI]’ KQQ_{kglo]’ K23—|:0k22:|7 K24_{0k44]'

o (Va0 (@ (6).7) g () SR sen () BT
e 2(1+ kL kn) ’

Fas = JREWAY60 (x (), 7) B () (RE) ™ (Vb (o (1), 7)™+ 5

K3
Ks = | [|[Vaby (z (tF),7) g () & tanh (7 (ti))kEWH] 7
K33
K3 = m (EH +0°Ry (2sgn (0™ (7)) 0" (tg) —en — &y)

+ Wfrl%HRl sgn

(7 (t5) Ry g™ () (Vb (z (t8) , 7)) W4
+WEV 0 (z(t8),

) f (),

Ko = | 17280 (2 (6 7)1 o) ()07 ()

- 1
(Vaby (2 (), 7)) Wik G Wy + §Vx91 (z (ty),7)*

h (@) (R) ™A™ (2) (V201 (o (), 7) WA |

According to the definition of =, two subcases are considered.
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(1)  When (va)T (f (@) + g (@) 0 (tF) + h (x) Dy (£7)) < 0, then
E(z, 0 (t]), 0y (t7)) =0, (49) can be rewritten as:

. T >\ 2
Vi < =i (©) HVxJH2 — Amin (K32) (HKlH - 2)\1((3]{2))

2
M (50)
4f)\min (KQ)
— A2 A .
Where, HKgH < )\K3,When ||va|| > WKM or ||K1|| > ﬁ%, Vl <

0.

(2) When (V7)™ (f (2) + 9 () @ () + h () 3, (6)) > 0, 2, (8) .50 (8)) =
1, (49) can be rewritten as:

Vi < (Vad)' (f () + g (2) @ () + B (z) b, (£))
— KT Ko+ Ky | = ST 9.6 e () 1)
Vi < (Vad)' (f () + g (2) @ () + h(x) b, (£))
— KTKo K, + Ks || Ky || — %WEVI& (@ (t5) ,7) *
#g (@) Ry'* (1 — tanh® (7 (1)) ¢ () V]
_ %kgvzal (@ (E),7) b (2) (RI) LR (2) V] + kW (51)

Based on (25), (26), (30) and (31):

Vi < (Vo) (f (@) + g (@) u* () + h (2) v, ()

— (Vo) (g (@) 2+ h (2) 3)
1

— 59() 8 (sanh (3 (1)) — tanh (3 (1))
+ (@) (RE) T () (Vb () Vs

1 -~
— KIKoKy + K3 | Ky || — 5WQTVIel (z (7)), 7) *
g (x) Ry (1 —tanh® (7 (7)) g7 (z) Vo J
1 . _ _ .
— 5ksVats (x (), 7) h(z) (RY) AT (2) Vo J + ksWs (52)

Based on the tanh (7 (¢t7)) — tanh (1 (¢%)) Taylor expansion:

20



< (Ved)' (f (@) + g (@) u (1) + A (2) v" (1)
~(Vad) (g (@ 52+h() 3) = KT KoKy + K ||K |
+ (Vad) g @) (1 (#0) = (10)°)
< —Auin (0) |V || + (922 + h&s) |V ||

1 B _ o (e
i (5R07) 8T || - KT K + K

It follows that:
hs| K |°
1 m\—1
4(1 = 1) Amin (3(R1 ) )

where 0 < fir < 1, i = Amax (§(RP) ™) 202, |V T||*, B2 = ez + .
Based on (50) gives:

Vi < —hidmin () |V | + ha| V|| +

Vi < —hiAmin (©) ||vzj||2 + ho || V|| + X, 1K ]| = Amin (Ka2) | K112
Amin (K2) ha|| Ky ||
(=) A (3R

_ iy ? AN
— _hl)\min (@) (HVIJH — 277/1/\111111(9)) - h4<||K1|| - 27’7:) + h5

2

h3

A2
where, fiy = Apin (K2) — v +74h1>\mm(®)'

h,
(4(1—4m>§mm<@>) >0, 75 =

T I3 5 Axc; hs v,
Thus, when ||V, J|| > () + ’/hlAm;n(@) or [|[Kq]| > 52 +/52,V1 < O,the
weight approximation error is UUB, and its norm upper bound is defined as Ay,

Vo =J" (2,t) +4
= (Vo) (f (2) + g (@) u” (1) + h(z) v* (¢))
+(Vad ") g (@) (@ (t) — u (8) + Vi J*
+ (Vad*) g (@) (8 (8) = v™ (1)) =y (7(£))
+ (1= k0%) Mnin (@) ]| = (s [1RL]l X + | B2l X3) lle ()1

From Theorem 1 gives:
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Vs < 25 | Rl Ml () — w” () = U G (6) + 5 (W16 + 2)
Bl B2 4+ [ Ra | 19 (68) = v* (DI = Amin (Q) o = ki (7 (1)
= (s IR A2 llew () + 1Bl A2llex (8))) + (1= k%) Ain (@) 2]l

Based on (5), (14) and (30) gives:

I (#7) — w* O = [l (8) —u* (6) + " () — u* ()]

A2 _
<202 ey (1) + Sk 2Ry~

T T, |12
([ (V200 4 3 = (7,00) "W
<272 lex (D7 + Bu
2 —1/z7 2
where 3, = )‘tgnh A (R1) 1(9V1)‘W2 +&2)".
In the same way, gives:
19 (t7) = o= (DI < 2XZ[lex ()] + Bo
where 3, = ﬁ2(R§")71(0_v1>\W3 + 53)2.
And then get:
Vo < 40| R || Maws B + |1 RS || B0 = U (i (£)
1, - - 2
+5 (Wb +21)" 1Ry h? —ky (7 (1))
— Amin (Q) ”37”2 =+ (1 - kD2) Amin (Q) ||x||2
2
+ (sIRUIAT + [R5 AT) llew (£)]
Therefore, when the event is mnot triggered, when |z >
28)| Ry | MvannBu—U (a(t2) )+ & (W10, +21) || Ry || B2 2
| e U A W g, < (1) - (@) = < 0

Case2: At the triggering instant ¢ = 7 . For J};, (z,t), J () and ﬁVT/Z—TWi , there
is no jump at the triggering instant. The difference of V' satisfies:

AV =T (2 (ti11)) = J (@ (t0) + T, (2 (1)) — T (2 (8)
< =K lle ()] = Kol ()l

22



where, K7 and Ky represents a class K function. Thus, the UUB property of all
system states and weight approximation errors is guaranteed [17]. This completes the
proof.

4.4 Target intention estimation

Although the game-based interception mode explicitly considers the adversarial inter-
action between the interceptor and the target, solving the game strategy still requires
prior knowledge of the target’s cost function. Under incomplete and asymmetric infor-
mation, such prior knowledge is generally unavailable to the interceptor. In particular,
the weighting matrix R5", which characterizes the target’s latent preference between
evasion effectiveness and maneuvering expenditure, cannot be directly obtained from
onboard measurements. Therefore, even after the activation of the game-based mode,
the interceptor still faces uncertainty regarding the target’s strategic preference.

To address this issue, a target intention-preference estimation mechanism is devel-
oped to estimation the unknown R3* from the observed target maneuver. Specifically,
the target maneuver induced by the unknown preference is first regarded as a bounded
disturbance, and a disturbance observer is constructed to reconstruct the target con-
trol input online. Then, by exploiting the structural relationship between the target
optimal strategy and its intention weighting matrix, the unknown R5" is inferred from
the reconstructed target maneuver.

The transformed disturbed system is expressed as:

i (t) = f(x)+g(@)at)+d() (53)
The following disturbance observer is designed [30]:

{ci(t) = 2 (t) + Kz (1)
() =—r(z() +a(t)+ f(z) +g(x)a(t))
where z (¢) is the auxiliary variable of the observer, d (t) is the disturbance estimate,
and k > 0 is the observer gain. Which yields d (t) = (d (t) — aAl(t))
By using the mapping relationship between the maneuvering strategy and the

intention matrix in the optimality condition of the target, the target intention
parameter can be obtained as:

(54)

. 1 . s
Ry =h (tR) dTHRT () (Vabh (87)) W (55)

Assumption 4[30]: From the perspective of practical mission scenarios, the target
maneuvering input is also subject to physical maneuverability constraints, and its
variation rate does not exhibit unrealistically abrupt changes. Therefore, for system

(53), the disturbance d and its derivative d are bounded and satisfy ||d|| < J,HdH <d.

Theorem 3: By using the designed disturbance observer to estimate the system
disturbance term, under Assumption 4, the disturbance observation error ey (t) =
d(t)—d(t) is UUB.

Proof: To analyze the boundedness of the proposed disturbance observer, choose
the following Lyapunov function:
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1
Va = iedTed (56)

Taking the first derivative of (56) gives

Vi=eleqg=—eld(t) — releq

According to assumption 4 and Young’s inequality, one obtains:

72
Vi < —gedTed - ;l?

Therefore, the proposed disturbance observer guarantees bounded disturbance esti-
mation error. Through the above process, the interceptor can estimate the target
intention weighting matrix R} under incomplete information, so that the virtual target
strategy solved by the interceptor approaches the true target strategy.

Remark 5: Although both the target policy observer and the virtual actor net-
work aim to obtain target policy information, they serve different purposes. The target
policy observer reconstructs the target’s executed maneuvering policy based on the
observed state responses during the engagement and the system dynamics. Therefore,
it inevitably suffers from dynamic response delays and estimation errors. It mainly
characterizes the actual maneuvering behavior already generated by the target and
provides the data basis for target intention identification. Different from the target pol-
icy observer, the virtual actor network does not rely on the observed motion response
for policy reconstruction. Instead, it learns the target’s potential optimal response
policy according to the current engagement state and the estimated target intention
information, thereby providing the required adversarial strategy approximation for
online game-policy computation.

5 Numerical simulation verification

To verify the effectiveness of the proposed RL-based dynamic event-triggered com-
posite game interception method, simulations are conducted in the three-dimensional
interception scenario shown in Fig. 1. The terminal time is set as ¢ty = 20s , and the
simulation step is 0.001s. The initial position of the interceptor is (14.5,7.5,6.5) , the
initial line-of-sight angles are ¢ = —31° and gg = 25°, and the initial speed is 0.6.,The
saturation constraint of the target input is set to 0.3. The saturated input is 0.25. The
interceptor weights are selected as Q = diag (104, 10%,10%, 102), R; = [0.1,0.1].The
initial position of the target is (10, 15, 10.5), and the initial speed is 0.5,The saturation
constraint of the target input is set to 0.3. The true target intention weighting matrix
is RS = [0.6,0.6], whereas the initial estimate of the interceptor is RY* = [1.8,1.5].
Therefore, the simulation contains incomplete and asymmetric information from the
initial instant. The target is considered intercepted when the relative distance between
the interceptor and the target is less than 0.03, indicating that the target is within
the effective interception range. In addition, to satisfy the persistence of excitation
requirement during the network learning process, an exploration signal is added during
the first 8s of policy learning, thereby enriching the learning information.
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To examine the applicability of the proposed method, two types of target maneu-
vers are considered: game-based maneuvers and nongame square-wave maneuvers. The
square-wave maneuver is defined as:

are = 0.25sgn (sin (1.5t 4+ 7/4))
arg = 0.01sgn (sin (0.5t + 6))

The game-based maneuver is obtained online by the target according to its own
cost function.

3D Trajectory

e Target

== Composite Strategy

== +Optimization Strategy

—Game Strategy
Target start
Interceptor start
Target end

Interceptor end

Fig. 4 Comparison of three-dimensional interception trajectories against a game-driven maneuvering
target.

The simulation results are shown in Figs. 4-14. Figs. 4-7 show the interception per-
formance under the game-based maneuvering scenario. The nongame optimal strategy
fails to intercept the game target, while both the game strategy and the proposed
composite strategy achieve successful interception. This is mainly attributed to the
fact that the optimal strategy does not account for the adversarial decision-making
behavior of the target, when the target performs adversarial maneuvers, the mismatch
between the assumed target model and the actual target behavior leads to insufficient
robustness and interception failure. The game strategy overcomes this limitation by
continuously considering the target as a rational adversary, but this persistent worst-
case treatment may result in excessive conservatism and redundant control effort. In
contrast, the proposed composite strategy activates the game mode only when the
target maneuver has a significant influence on the current interception situation and
otherwise adopts the nongame optimal mode. Consequently, the proposed method
retains the robustness required for adversarial interception while avoiding unnecessary
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Fig. 5 Relative range histories under different interception strategies.

worst-case compensation, thereby achieving superior interception accuracy. The inter-
ceptor input remains within the prescribed saturation bound, and the LOS angular
rates converge to a small neighborhood of zero, indicating that the maneuverability
constraint and interception requirement are simultaneously satisfied.
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Fig. 6 Maneuvering commands for the interceptor and the target.

Figs. 8 and 9 illustrate the learning and intention estimation processes. The critic,
actor, and virtual actor weight norms remain bounded and converge to steady values.
Although the initial estimate of Ry deviates from the true target intention matrix, the
proposed estimator gradually drives the estimated weights toward the true values. The
nonmonotonic transient response is mainly caused by the activation of the estimator
only in the game-based interception mode.
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Fig. 7 LOS-angle and LOS-rate under the game-driven maneuvering scenario.
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Fig. 8 Norms of the critic, actor, and virtual actor NN weights.

Fig. 10 verify the effectiveness of the triggering mechanism. The interception mode
is updated only when the target maneuver significantly affects the engagement sit-
uation, and the state information is transmitted only at event-triggered instants.
Therefore, unnecessary policy updates and strategy switching are reduced.

Fig. 11 presents the energy consumption under different strategies. Together with
Fig. 5, it shows that the proposed method can adaptively switch between game-based
interception and nongame optimal interception according to the real-time influence
of the target maneuver on the current interception situation, while incorporating the
estimated target intention matrix into the game-learning process. Therefore, the pro-
posed method achieves a more reasonable tradeoff among interception performance,
control effort, and policy conservatism.
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Fig. 9 Online estimation of the target intention weighting matrix.

[—o State Triggered
12F —© Situation Triggered|

Inter-Event Time (s)

'Y

0.2

—1
—
——=
—
—
—
—
—_——
—T
N

”H[‘I I

Fig. 10 Event-triggered instants under the game-driven maneuvering scenario.
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Figs. 12-14 further examine the proposed method under the square-wave maneuver-
ing scenario. The interceptor successfully approaches the target, and the LOS angular
rates converge to a neighborhood of zero, which demonstrates the adaptability of the
proposed method to different maneuvering patterns.

It should be noted that in the terminal phase of interception, unavoidable diver-
gence and chattering may appear in the simulation curves. The main reason is that
when the interceptor hits the target, the entire interception system is destroyed, which
causes abrupt changes in the system parameters [28].

Table 1 compares the interception performance with and without the event-
triggered strategy. In the game-based maneuvering scenario, the interception accuracy
is improved from 0.70 to 0.44. In the square-wave maneuvering scenario, the inter-
ception accuracy is improved from 0.25 to 0.14. These results indicate that, in the
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Fig. 11 Energy consumption comparison under different strategies.
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Fig. 12 Three-dimensional interception trajectory against a square-wave maneuvering target.

Table 1 Comparison of interception accuracy of different
triggering strategies.

Maneuvering scenario With the Without the
event-triggered  event-triggered

Game maneuvering 0.44 0.7

Square-wave maneuvering 0.14 0.25
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Fig. 13 LOS-angle and LOS-rate under the square-wave maneuvering scenario.
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Fig. 14 Event-triggered instants under the square-wave maneuvering scenario.

considered simulation scenarios, the dynamic event-triggered scheme achieves better
terminal interception accuracy than the time-triggered scheme. This does not imply
that fewer updates necessarily lead to higher interception accuracy. Instead, it shows
that the designed triggering rule can suppress redundant updates caused by small-
amplitude state variations and transient estimation errors. By avoiding unnecessary
policy updates and frequent switching near the triggering threshold, the proposed
mechanism makes the input commands smoother and improves the terminal intercep-
tion performance in these scenarios, thereby verifying the effectiveness of the designed
triggering mechanism for online game-learning-based interception tasks.

30



6 Conclusions

This article investigated the interception problem of an unknown maneuvering target
under incomplete and asymmetric information, and proposed a dynamic event-
triggered reinforcement-learning-based composite game method. The constructed
adaptive switching function balances interception performance and policy conser-
vatism. Two triggering mechanisms were then designed to reduce the computational
burden in online RL-based solution and decrease the strategy switching frequency,
while excluding Zeno behavior. Sufficient conditions ensuring the UUB property of
the closed-loop system were derived. In addition, a target intention estimation mech-
anism was designed to address the difficulty of solving game strategies caused by
the unknown target cost function. Simulation results verified the effectiveness of the
proposed method. Future research can be extended to cooperative interception with
multiple interceptors, multitarget confrontation, and cooperative game tasks of hetero-
geneous unmanned systems, so as to further improve the applicability of the proposed
method in complex aerospace adversarial environments.
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