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[Abstract]

In this paper, we propose a 2-stage hybrid ensemble architecture that combines an Al probability map
for candidate band localization with traditional curvature tensor extremum tracking to precisely detect the
margin line of dental prostheses. To address the black-box nature and hallucination risks of existing end-to-end
deep learning methods, our approach ensures the exclusion of deep learning in the final boundary decision.
Instead, the final boundary is determined by tracking curvature tensor extrema optimized via a snake
optimization algorithm. We also integrated a reverse hybrid option for atypical preparations, a
Human-in-the-Loop interface for snapping-based user correction, and an independent FDI module for tooth
classification to prevent error propagation. Quantitative evaluation on 182 clinical jaw scans using Hausdorff
and Chamfer distances demonstrated that the proposed hybrid approach achieves statistically significant

superiority (P<0.05) and robustness compared to existing pure algorithm-based commercial software.

» Key words: Dental Margin Line, Curvature Tensor, Hybrid Ensemble, Al Probability Map,
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I. Introduction

1. Background and Necessity of Research
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2. Structural Limitations of Existing Deep
Learning-based Studies

52 3319 7o18) HlojElE A2lett Hald Z1de) @
Moz ol 2fol s A% o1yt guts| xsiE] 1w 9)
[4, 5]. 2=} 7]EQ] AM=FQlE(End-to-End) B2i'd &
Ale xR0l SIS YZst Qi Alxj, Al 2Ho] ]
A A dEs7] "izoll 7IstetA 77t Zod
¢tzH(Hallucination)' @/go] ¥t 4 Q). sk 25
ot o]= &olut v AIiA] AlR||(Preparation)
A sjRetd oz Brpset MRS e @AV EAY
ot £A, B Zeua 2o olsslel 2T Zake
AR sjMo] o, AlufejAte] 47 Fjeo] HgHlo]
AR, cise] st Rlo Bat 214 14, ojxl A
52 YA mojzeiglo Bo £ trfo eR7t A
Alo] Huj2 ojojx]= At Y-S Z=tH6].

41

]

i opi _|
o,

0 e 2 Y& o

Lo

3. Research Objectives and Originality
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Table 1. Structural comparison between prior
end-to-end deep learning approaches and the
proposed hybrid architecture

. Pri .
Comparison rior Proposed Hybrid
End-to-End .
Item Architecture
Approaches
Final prediction Direct 3'? Candidate band
boundary line o
target ) localization
coordinates
Sole decision
Search space
Role of Al maker restrictor / Guide
(Black-box)
B
oun.dar)./ Neural network Curvature tensor
determination ;
. output extremum tracking
mechanism
User Slnglg output, Human-in-the-Loop
intervention difficult to with snappin
adjust ppIng
E .
rror. High (Coupled Low (Independent
propagation .
) pipeline) FDI module)
risk
Atypical case Vulnerable to Reverse hybrid
handling unseen data geometric options
High
. - L Latent .
Explainability ow (La ?n (Mathematically
feature driven) .
verifiable)

4. Research Objectives
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II. Preliminaries

1. Rule-based Image Processing and
Traditional Geometric Analysis
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2. Deep Learning-based Automated Detection
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III. The Proposed Scheme
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Fig. 1. Overview of the proposed two-stage hybrid
architecture for dental prosthesis margin line detection.

Reverse Hybrid

1. (Phase 1) Lightweight Al-based Probability Map
Generation and Candidate Band Localization
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2. (Phase 2) Physical Tracking of Curvature
Tensor Extrema and Snake Algorithm Snapping
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Human-in-the-Loop Interface Design
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4. Backward Hybrid Structure Refinement
(Optional Implementation)
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IV. Experiments and Results
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Table 2. Comparison of the Number of Vertices
Subject to Geometric Computation Before and Afte
rApplying the Al Probability Map

. Full Al Applylng Reduction
Metric Al Candidate o
Mesh Rate(%)
Band
Mean
number of 102,430 15,280 85.1
vertices
Standard 18,760 4,120 -
deviation
Minimum 58,940 8,460 82.7
Maximum 191,880 27,540 87.5

3.
Suggestions and Interface Usability
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Fig. 2. Comparative visualization of Hausdorff distance
and Chamferdistance for the proposed method and
baseline methods.

4. Performance of Backward Hybrid Structure
on Atypical Cases
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5. Quantitative Performance Comparison
Based on Real-world Clinical Data
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Table 5. Ablation Results for the Proposed Components

Experimental Hausdorff Distance Chamfer Distance Mean Processing First- choice Acceptance
Condition (mm) (mm) Time (s) Rate (%)
Full proposed 0.312 0.021 184 885
model
candidate 0.356 0.026 6.92 79.1
band
Snake 0.371 0.028 1.26 73.8
optimization
who Reverse
Hybrid 0.348 0.025 1.71 81.4
Human-in-the- 0.339 0.024 158 610
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6. Ablation Study and Sensitivity Analysis
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Fig. 3. Visualization of the ablation study across accuracy,
processing time, and first—choice acceptance rate.

7. Clinical Workflow Implications : Expected

Benefits and Practical Limitations
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8. Discussion of Experimental Results and

Limitations
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