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Logographic Al for Inverse Design of Metamaterials: A Morpho-Root Based
Graph-Reasoning Framework and Trustworthy Generation Pathway
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Abstract

Metamaterials, through the deliberate arrangement of structures at the mesoscale, can
achieve extraordinary physical properties unattainable by natural materials. However,
the current mainstream approach to inverse design of metamaterials—which directly
maps target properties to microstructures using deep generative models (diffusion
models, flow matching, variational autoencoders, etc.) — faces a fundamental
bottleneck: the generation process is a "black box." Designers obtain an "optimal"
microstructure without knowing "why this structure" or "what each structural feature
contributes to the performance." In safety-critical applications (e.g., aerospace,
defense equipment), this inexplicability severely constrains the practical adoption and
engineering trust of inverse design results.
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This paper introduces "Logographic AI" (LAI) as an alternative cognitive paradigm
and proposes a graph-reasoning framework based on "Metamaterial Morpho-Roots"
for trustworthy inverse design of metamaterials. The core of LAI theory is the
"Morpho-Root"—a structured cognitive primitive that carries inherent semantics—to
replace statistically defined Tokens. In LAI, the Morpho-Root is formalized as a
structured triple T = (S, A, R), where S is the symbolic identifier, A is the attribute
set embedding physical properties and constraints, and R is the set of predefined
logical relation functions. Mapping this framework to the metamaterials domain, we
propose the "Metamaterial Morpho-Root" system — a mechanism-first knowledge
representation method that encodes mesostructural features of metamaterials (e.g.,
unit cell topology, spatial arrangement, symmetry), physical response laws (e.g.,
dispersion relations, bandgap characteristics, effective medium parameters), and
design constraints into computable cognitive units. Building on this, we design a
Morpho-Structural Entropy (MSE)-guided inverse reasoning engine: given target
properties, the system performs structured reasoning over the Morpho-Root semantic
network to generate a fully traceable decision subgraph—where every design choice
corresponds to a clear physical reasoning chain, rather than a statistical correlation.

This paper demonstrates that LAI-driven inverse design of metamaterials can achieve:
(1) interpretable generation — the design rationale for each structural feature is
traceable to explicit physical mechanisms; (2) zero violation of hard constraints —
through physical and manufacturability constraints embedded in Morpho-Roots,
ensuring that generated structures satisfy all necessary conditions; (3) proactive
identification of knowledge gaps — when reasoning paths break, the system
proactively requests external validation (e.g., high-fidelity simulation or experiment)
rather than forcing unreliable recommendations. Finally, this paper proposes a hybrid
architecture that integrates the LAI framework with existing deep generative models
(e.g., diffusion models): the generative model is responsible for efficient sampling of
candidate structures, while the LAI Morpho-Root network is responsible for
trustworthy screening and mechanistic validation of candidates — forming a closed
loop of "generation - validation - explanation."
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