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Abstract: Objective Conducting cislunar space awareness missions is critical for advancing deep-space exploration and
ensuring the safe operation of spacecraft in complex space environments. However, the cislunar environment, character-
ized by gravitational interactions, dynamic properties of space objects, and multi-factor coupling effects, presents signifi-
cant challenges that traditional experimental validation and trial-and-error methods struggle to address efficiently and pre-
cisely. In recent years, China’s domestically developed aerospace simulation systems, such as the Aerospace Tool Kit
developed by the National University of Defense Technology and the spacecraft system simulation software SpaceSim from

Harbin Institute of Technology, have established autonomous technological frameworks that cover diverse mission types.

We#m B #A:2025-04-16; & E B #5:2025-05-21 ; FEN 2% B 7 : 2025-05-28
«BIEEE REM zywnudi@163.com

EETE : )RR H (KJSP2023020104)

Supported by : Civil Aerospace Technology Pre-research Project (KJSP2023020104)

2951



2952

PEERBEF ik

JOURNAL OF IMAGE AND GRAPHICS Vol. 30,No. 9, Sep. 2025

Despite these advancements, specialized simulation solutions for deep-space exploration and cislunar space awareness
remain underdeveloped, with limited integration of intelligent capabilities. The chaotic and nonlinear nature of the cislunar
environment, combined with the dynamic variability and uncertainty inherent in perception tasks, imposes substantial
demands on simulation system architectures, necessitating innovations in computational efficiency, adaptability, and scal-
ability. To address these challenges, this study proposes a design philosophy that achieves modernization in four aspects:
service orientation, standardization, domestic autonomy, and toolchain development. Method The service-oriented
approach employs a “container cloud + microservices” architecture, integrating dynamic load-balancing algorithms and an
intelligent task-scheduling engine to build an elastically scalable service platform capable of resolving high-concurrency
multi-user parallelism. Standardization efforts focus on developing cross-platform interoperable middleware under a unified
framework to address heterogeneous system integration and model generalization. For domestic autonomy, a fully indepen-
dent technology stack is established using Phytium Advanced RISC Machine processors and the Kylin V10 operating sys-
tem. The toolchain development adopts a “platform + plugin” design to enable dynamic model component loading and flex-
ible functional module integration, supporting maintainable frontend/backend interfaces and adaptable resource allocation.
These innovations culminate in a three-tier intelligent simulation architecture ( “basic support + service support + typical
applications”) that addresses the chaotic dynamics of cislunar space, the dynamic uncertainty of perception tasks, and the
computational complexity of large-scale spatiotemporal simulations. Key technologies include a cislunar orbital dynamics
model library, Kubernetes-based intelligent task scheduling, and an end-to-end microservice integration framework , which
collectively resolve challenges in computational scheduling, service autonomy, and standardized model encapsulation.
This feature enables efficient high-precision three-body orbit calculations, multi-user parallel response, and intelligent con-
trol of simulation workflows. The developed cislunar space awareness mission design and analysis simulation system incor-
porates six core modules. The first is the scenario design module, which leverages advanced technologies such as ThreeJS,
WebGL, and Shader to address multi-view situational representation, multi-level spatial partitioning, multi-physical field
visualization, multi-scenario synchronization, and multi-viewpoint navigation, achieving 3D visualization of large-scale
spatiotemporal environments. The second is the situational awareness system design and analysis module, designed as a
Cislunar Space System Tool Kits platform using ontological concepts to enable object-oriented system design and analysis
capabilities, supporting iterative optimization through illumination analysis, orbital stability analysis, ground station vis-
ibility analysis, and target visibility analysis. The third is the mission planning module, which coordinates data transmis-
sion resources, tracking and control resources, and payload resources to generate integrated plans for data transmission,
tracking, and payload operations. The fourth is the system-of-systems simulation module, enabling large-scale parallel
simulations to validate design outcomes and mission workflows. The fifth is the experimental design module, which applies
mature experimental design theories to generate effective combinations of test parameters and values, minimizing the test
sample space. The sixth is the experimental evaluation module, which provides performance assessment and analysis for
situational awareness tasks, allowing users to intuitively define and establish performance evaluation metrics. The system’s
orbital dynamics model library encompasses four categories of 27 classical three-body orbits, such as halo, Lyapunov, and
quasi-periodic orbits, supporting end-to-end mission phases from orbital design and control to target/environment simula-
tion and capability evaluation. Result The design and analysis of a space-based cislunar space awareness system serve as a
case study. A situational awareness constellation is designed, incorporating libration-point satellite orbital configurations
and long-term orbital maintenance planning. High-precision orbit prediction is achieved for both near-lunar resident targets
and cislunar transfer trajectories, with 15-year distant retrograde orbit and near-rectilinear halo orbit resident orbit integra-
tion under high-precision ephemeris models, demonstrating minute-level computational performance. Comprehensive plan-
ning of data transmission, tracking and control, and payload resources for the awareness constellation is executed.
Simulation-driven 3D visualization and multi-dimensional performance evaluation of mission scenarios are conducted, ulti-
mately yielding quantified mission effectiveness metrics for the space-based cislunar awareness system. Conclusion Case
studies demonstrate the system’s ability to support forward design and iterative optimization of cislunar missions, exhibit-
ing high efficiency, intelligence, stability, and scalability. On the basis of evaluation results, satellite orbital parameters

(e. g., inclination, eccentricity) and constellation configurations (e.g. , inter-satellite spacing, orbital phasing) are
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dynamically adjusted to iteratively optimize mission plans, enhancing system performance and operational capabilities.

This process ensures the scientific rigor and operational feasibility of designs while providing reliable technical foundations

for subsequent engineering implementation, thereby solidifying its role as an important tool for advancing cislunar infra-

structure development and deep-space exploration initiatives.
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Fig. 1

Intelligent simulation system architecture diagram for lunar-earth space awareness mission design and analysis
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