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◼ Motivation

• Benchmark contamination is widespread.

• Strong performance can be misleading.

• Robust evaluation remains difficult.

Background: Data Contamination
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Leaked data can induce contaminated reasoning.

Does high accuracy imply genuine reasoning?

It is hard to design reliable evaluation framework.

◼ Key Question

What changes inside the model when reasoning is contaminated?



⚫ Signal: Mutual Information Decay

⚫ Mechanism: Eigenspectrum Concentration → Low-dimensional Computation

⚫ Explanation: Why Mutual Information Decay happens

⚫ Application: Reasoning Restoration

Overview
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◼ Metric: Gaussian Mutual Information

◼ Observation

• Base model: Leaked ≈ Clean

• Contaminated model: Leaked < Clean

◼ Takeaway

• Mutual information decay is a distinctive signal of contaminated reasoning.

Mutual Information Decay
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◼ Takeaways

• Lower ECI → variance dominated by a

few eigenvalues.

• Contaminated activations exhibit stronger

eigenspectrum concentration.

Mechanisms
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◼Eigenspectrum Concentration ◼ Low-Dimensional Computation

◼ Takeaways

• Lower RTE → stronger low-dimensional

computation.

• Module outputs are well captured by a

small top-𝑘 subspace.



◼ Observation

• Transformed tail eigenvectors have comparable

norms to principal eigenvectors.

Causal Validation
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◼No Significant Tail Vector Amplification ◼Spectrum Reshaping

Flatten: RTE ↓

Sharpen: RTE ↑

◼ Observation

• Manipulating only the eigenspectrum

changes the computation dimensionality.



Explanation of Mutual Information Decay
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◼ Mutual Information Subspace Alignment (MISA)

◼ Takeaway

• The mutual information is determined primarily within the active computation subspace.



◼Weakening of Linear Coupling
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Explanation of Mutual Information Decay

◼Singular Value Partial Order

◼ Observation

• Leaked data shows weaker

representation-gradient coupling

in the active subspace.

◼ Observation

• The decay holds direction-wise in the 

whitened canonical space.



◼Method: Top-Subspace Suppression (TSS)

Application: Reasoning Restoration
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• TSS makes the contaminated model follow the 

base model’s reasoning trajectory.

◼Quantitative Results ◼Qualitative Case

• TSS achieves the best average consistency.

Mechanistic understanding enables reasoning restoration.



◼ Signal

• Mutual Information Decay

◼ Mechanism

• Narrowing Geometry

◼ Application

• Reasoning Restoration

Summary
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THANK YOU
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