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Abstract
Structural soft-locks may occur in generated game levels due to irreversible spatial transitions and improper placement of pr
erequisite elements. Conventional playability validation approaches rely on player traversal simulation and state-space search,
often resulting in high computational cost and unpredictable latency under complex constraint structures. This paper proposes
a Topological Binary Layer Analysis method to address this problem. The proposed method decomposes game levels into fu
nctional binary layers, abstracts spatial structures into a directed region graph based on irreversible transitions, and detects st
ructural soft-locks by analyzing topological relationships among prerequisite elements. The proposed method directly identifie
s structural causal contradictions without player traversal simulation and serves as a lightweight structural validation method

applicable prior to search-based validation.
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Figure 2. Binary Layer Decomposition of Tile-based Level



(a) Original Base Layer (b) Trap Mask Removal

{c) Connected Component

(d) Trap Restoration () Directed Region

Labeling & Boundary Identification Graph Construction
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Figure 3. Spatial partitioning and directed region graph construction using irreversible transition masking.
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(a) Valid Configuration (No Soft-lock)
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Transition
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Figure 5. Structural validation examples on directed region configurations. (a) Valid configuration satisfying prerequisite

ordering. (b) Structural soft-lock caused by downstream prerequisite placement.
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ponding in—game rendering.
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Table 1. Structural comparison between search-based

validation methods and the proposed method.
Search-based
Property o Proposed Method
Validation

Player simulation | Required Not required

Backtracking Possible None

State restoration Required Not required

Contradiction Indirect Direct

detection

Worst-case Search-dependent | Deterministic

behavior

Pre-validation Limited Suitable

suitability
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Table 2. Example processing behavior of the proposed method
under different map resolutions.

) ) Processing
Map Size | Zones | Irreversible Edges .
Time (ms)

32x32 4 3 0.12

64x64 9 7 0.31

128x128 17 12 0.74

256%256 31 24 1.63
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Table 3. Performance comparison of validation methods in high
—resolution environment (256x256)

Validation Verification Time | Verification Time
Method (Normal Level) (Soft-lock Level)
A+ Search 15.47 ms 352.12 ms
CSP 32.16 ms 284.71 ms
Proposed Method 149 ms 1.63 ms
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