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Leveraging physics scene graph and knowledge graph for analyzing physical
processes and problem solving

Zhang Peng'*, Cao Weiqun'?
1. School of Information Science and Technology , Beijing Forestry University , Beijing 100083, China; 2. Hebei Key Laboratory of Smart
National Park, Beijing 100083, China.

Abstract: Objective Research on computer-assisted instruction in physics education remains at a relatively exploratory
and developmental stage, particularly in the area of dynamics problem solving, where persistent and multifaceted chal-
lenges continue to restrict large-scale pedagogical effectiveness. These challenges include the incomplete and fragmented
representation of physical states, insufficient formalization of object interactions, opaque and non-explainable reasoning
processes, limited adaptability to complex multi-body systems, and weak alignment between computational outputs and
instructional logic. Although intelligent tutoring systems, digital simulations, and adaptive learning technologies have
achieved considerable technological advancement, many existing solutions rely either on purely numerical computation
frameworks or on rigid, template-driven procedural scripts. Such approaches often fail to establish a coherent structural
bridge between low-level simulation data and high-level conceptual reasoning, thereby limiting semantic consistency, inter-

pretability, and cross-problem generalization. Consequently, learners frequently receive algorithmically generated answers
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without adequate exposure to intermediate inferential steps, causal dependencies among variables, constraint propagation
mechanisms, or the theoretical principles governing the solution trajectory. This lack of transparency not only reduces
instructional clarity but also weakens students’ ability to construct transferable mental models of physical systems. In
response to these theoretical and methodological gaps, the present study seeks to develop a unified, extensible, and seman-
tically grounded framework that enhances representational completeness, reasoning explicability, structural consistency,
cognitive alignment, and domain generalizability in computer-assisted physics education through the systematic integration
of structured scene modeling, knowledge-graph-based inference, and interactive visual analytics. Method To achieve this
objective, this study proposes a hybrid reasoning architecture that integrates Physics Scene Graphs with a domain-specific
knowledge graph to support intelligent physical process analysis, automated model selection, interpretable equation deriva-
tion, and structured problem solving. The framework begins by constructing a formally defined Physics Scene Graph
derived from simulation data generated by a physics engine. Within this graph-based representation, physical entities are
modeled as nodes enriched with multidimensional attributes, including mass, position, displacement, velocity, accelera-
tion, net force, constraint conditions, and state-transition parameters. Mechanical interactions among entities—such as

contact relationships, frictional forces, normal forces, tension links, collision events, composite bindings, and constraint

hierarchies—are encoded as semantically annotated edges, forming a relational topology that captures both spatial configu-
ration and dynamic dependency. This explicit structural formalization enables comprehensive modeling of instantaneous
states, temporal evolution, constraint propagation, and multi-object coupling in a machine-interpretable and computation-
ally robust manner. Building upon this structured representation layer, a knowledge-graph-driven rule-based reasoning
mechanism is introduced to dynamically identify, activate, and instantiate appropriate physical models according to contex-
tual features of the problem scenario. The knowledge graph encodes fundamental physical laws, mathematical expressions,
symbolic transformation rules, boundary conditions, dimensional constraints, decomposition strategies, and pedagogical
heuristics within a hierarchically organized semantic network. Through semantic matching, relational mapping, subgraph
alignment, and rule triggering, entities and relations in the Physics Scene Graph are systematically mapped to correspond-
ing theoretical constructs within the knowledge graph. This bidirectional mapping enables automated derivation of govern-
ing equations, symbolic manipulation of expressions, validation of physical consistency, incremental state updating, and
stepwise numerical computation. Importantly, the reasoning pipeline is designed to be modular, traceable, and explain-
able, allowing explicit reconstruction of inference chains and transparent visualization of intermediate logical transitions.
To operationalize the proposed architecture, an interactive physics teaching system was implemented , integrating automatic
scene parsing, structured reasoning orchestration, real-time state synchronization, multimodal rendering modules, and
user-interactive control mechanisms to facilitate both computational automation and pedagogical interpretability. Result
Comprehensive experimental case analyses, benchmark evaluations, and user-centered empirical studies demonstrate that
the proposed system is capable of automatically and reliably solving a broad spectrum of dynamics problems involving multi-
object interactions, frictional constraints, composite systems, conditional equilibrium states, and dynamic state transi-
tions. The generated analytical solutions exhibit high consistency with standard textbook methodologies and conventional
classroom derivations, including systematic free-body diagram construction, equation decomposition, and sequential sym-
bolic manipulation. In addition to producing accurate numerical results, the system dynamically generates synchronized
two-dimensional visualizations that depict object configurations, force vectors, motion trajectories, constraint relation-
ships, and state-evolution sequences. These visual representations are temporally aligned with symbolic derivations, for-
mula transformations, and computational procedures, forming a coherent multimodal explanatory environment. User evalu-
ation results indicate that the integration of structured graphical representations with explicit reasoning chains substantially
enhances conceptual clarity, cognitive engagement, and problem-solving confidence. Students reported improved under-
standing of force decomposition strategies, system boundary selection, inter-object dependency modeling, and the logical
progression from physical principles to quantitative solutions. Moreover, the modular architecture of both the Physics
Scene Graph and the knowledge graph demonstrates strong extensibility, scalability, and adaptability, allowing systematic
expansion to additional domains such as kinematics, energy conservation analysis, rotational dynamics, oscillatory sys-

tems, and electromagnetism through incremental enrichment of semantic attributes and domain-specific inference rules.
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Conclusion This study presents a comprehensive, semantically coherent, and pedagogically interpretable framework that
integrates structured scene representation, knowledge-graph-driven automated reasoning, and interactive multimodal visu-
alization to advance the theoretical foundation and practical implementation of computer-assisted physics instruction. By
systematically addressing limitations related to representational incompleteness, reasoning opacity, procedural rigidity,
and limited cross-domain transferability, the proposed approach enhances both computational intelligence and educational
effectiveness. The synergistic coupling of simulation-based state modeling with explicit conceptual inference establishes a
transparent, explainable, and cognitively aligned problem-solving paradigm that supports deep conceptual comprehension,
structured analytical thinking, and meaningful knowledge transfer. Beyond the specific context of dynamics, the architec-
tural principles and methodological innovations underlying this framework provide a transferable reference model for other
branches of physics as well as highly abstract disciplines in computer-assisted education, including advanced mathematics,
engineering mechanics, and computational modeling. Overall, this work contributes a theoretically grounded, technically
robust, and pedagogically valuable blueprint for the design of next-generation intelligent educational systems that harmo-
nize structured representation, automated reasoning, semantic transparency, and interactive visualization to foster more rig-
orous, immersive, and engaging learning experiences.
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Fig. 10 Motion states and force analysis of slider A, slider B, and board A in stage one. The arrows indicate the force directions, and

the symbols and numbers denote the corresponding force names and magnitudes.
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Fig. 11  Motion states and force analysis of slider A, slider B, and board A in stage two, where slider A and board A reach the same

velocity. The arrows indicate the force directions, and the symbols and numbers denote the names and magnitudes of the forces.
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Fig. 12 Motion states and force analysis of slider B and board A in stage three , where slider B and board A reach the same velocity.

The arrows indicate the directions of the forces, and the symbols and numbers denote the names and magnitudes of the forces.
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Fig. 13 Velocity — time curves and acceleration - time curves of slider A, slider B, and board A during the problem-solving process.

The dashed lines indicate the phase-transition instants, and the annotated values denote the velocities or accelerations at key moments.
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