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Figure 1 Composition of the “perception-decision-execution” integrated control system.
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Figure 2 Closed-loop framework of the “perception-decision-execution” integrated control system.
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Figure 3 Behavioral model of the autonomous navigation agent.
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Table 1 Explanation of places and transitions in Petri nets of the autonomous navigation agent.
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Figure 4 Behavioral model of the image processing agent.
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Table 2 Explanation of places and transitions in Petri nets of the image processing agent.
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Figure 5 Behavioral model of the object motion behavior estimation agent.
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Table 3 Explanation of places and transitions in Petri nets of the object motion behavior estimation agent.
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Figure 6 Behavioral model of the threat assessment agent.
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Table 4 Explanation of places and transitions in Petri nets of the threat assessment agent.
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Figure 7 Behavioral model of the self-state monitoring agent.
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Table 5 Explanation of places and transitions in Petri nets of the self-state monitoring agent.
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Figure 8 Behavioral model of the coordinated running agent.
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Table 6 Explanation of places and transitions in Petri nets of the coordinated running agent.
BRI .
AR P e FY i

Pr: B REE S RORES Ty B RE

RS o R . IR
P R P WIS ORI B T F b b, sy T RO
o A A, BRI I, B 7
P“: E;fmiﬂ;%)ﬁ}?ﬁ MBI SE R, BT AR SERIRIB. Z23) T“: (L2 (FEAT2H4)

> FUARE BT P RS AT R SE AR, SRR I e I R > -~

Po: (15 TS VSRR HBIZ TSI, Ty AE5 T (155 M)
P SR e oo ATV AR R AL 2 o VORI
PURTRRBIMTERL s 45 01 BRI
Po: BURAREIE et it 2 2 A5 Ts: BRI
. IRIE , e < DL U . IR ~»DE i,%}“/;/
L e Ty VRN (ERIEAD)

Pro: IR 5E K Tio: PHIRTAE (FIFEDTLS)
Pr1: B SERR Ti1: it

9 {THRHE Agent HIITHIERY,

Figure 9 Behavioral model of the behavior decision agent.
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Table 7 Explanation of places and transitions in Petri nets of the behavior decision agent.
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Figure 10 Behavioral model of the action planning agent.
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Table 8 Explanation of places and transitions in Petri nets of the action planning agent.
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Figure 11 Behavioral model of the motion planning agent.
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Table 9 Explanation of places and transitions in Petri nets of the motion planning agent.
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Figure 12 Behavioral model of the executive agent.
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Table 10 Explanation of places and transitions in Petri nets of the executive agent.
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Figure 13 “Perception-decision-execution” control system model.
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Table 11 Explanation of places and transitions in the Petri net of the “perception-decision-execution” system.
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Statistics

State Space

Nodes: 35
Arcs: 63
Secs: 0

Status: Full

Scc Graph
Nodes: 35
Arcs: 63
Secs: 0

Liveness Properties

Dead Markings
[18, 34, 35]

2N
Dead Transition Instances 27 33
2] 5

None

Live Transition Instances
None

Fairness Properties

No infinite occurrence sequences

14 RASZSERE. 15 (MERTE) REFTKE.
Figure 14 State space report. Figure 15 (Color online) Reachability graph of the
system.
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* 12 FRRSRGRESIRE.

Table 12 Comparison table of markings and system states.
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Abstract This paper investigates the behavioral evolution of “perception-decision-execution” integrated control
system for spacecraft under spatiotemporal constraints. The goal is to ensure that the system not only
accomplishes scheduled assigned tasks, but also autonomously perceives and avoids orbital threats in uncertain
and dynamically changing space environments. A behavior modeling approach integrating agent-based modeling
and Petri nets is proposed based on a decentralized-integrated modeling philosophy. The integrated control
system is composed of multiple functional modules, each module denoted by an agent, to represent the functional
structure of the system at a macro-level. At the micro-level, Petri nets are utilized to construct behavior models
for each functional agent. Furthermore, Petri nets are used to model the behavioral interactions and functional
relationships between agents under the proposed closed-loop control framework. This forms a comprehensive
behavioral evolution model for the integrated control system. The dynamic characteristics of system behaviors
and their relationships among system parameters, logical architecture, and coordination mechanisms are analyzed.
Based on CPNTools, a simulation model was constructed to emulate the system’s response under a debris threat
scenario. The simulation results demonstrate that the model exhibits multi-path behavioral evolution, with good
liveness, fairness, and structural connectivity. It is capable of autonomously selecting appropriate response paths
according to different perception outcomes, thereby achieving dynamic obstacle avoidance and task adjustment
following threat identification, which highlights the system’s adaptability and stability.

Keywords “perception-decision-execution” closed-loop control, multi-agent model, Petri net, behavior model,
behavioral evolutionary characteristics



