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Central issue in DL theory: generalization puzzle
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Illustration of Condensation

  
 

Initial：random Training：condense Effect：equiv to small 
net 

Tao Luo, Zhi-Qin John Xu, Zheng Ma, Yaoyu Zhang, 
Phase diagram for two-layer ReLU neural networks at infinite-width limit, Journal of Machine Learning Research (2021)



Condensation in 1d interpolation
 

 

 



Gradual increase of neuron clusters



Gradual increase of neuron clusters



Condensation in CNN on MNIST

Cosine similarity:



Condensation in Transformer



Overview of our works on condensation

See more works on my homepage: https://yaoyuzhang1.github.io/



Condensation explains 
generalization puzzle

Yaoyu Zhang, Zhongwang Zhang, Leyang Zhang, Zhiwei Bai, Tao Luo, Zhi-Qin John Xu, 

“Optimistic Estimate Uncovers the Potential of Nonlinear Models,”Journal of 

Machine Learning 2025.

Yaoyu Zhang, Leyang Zhang, Zhongwang Zhang and Zhiwei Bai, Local Linear Recovery 

Guarantee of Deep Neural Networks at Overparameterization. JMLR 2025



Recovery under overparameterization?

Can a 500 neuron network (1500 parameters) recover 
a target function from 50 sample points? 

3-tanh target function 500 neuron tanh-NN
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Condensation improves sample efficiency 



Optimistic sample size estimate

Yaoyu Zhang, Leyang Zhang, Zhongwang Zhang and Zhiwei Bai, Local Linear Recovery Guarantee of Deep Neural Networks at 

Overparameterization. JMLR (2025).
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Optimistic sample size estimate vs practice

Yaoyu Zhang, Leyang Zhang, Zhongwang Zhang and Zhiwei Bai, Local Linear Recovery Guarantee of Deep Neural Networks at Overparameterization. JMLR 2025

Optimistic estimate: theory vs. experiments
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Generalization puzzle explained—A simple example

Width-500 tanh-NN (~1500 parameters)

 



Architectural symmetry induces 
condensation 



Architectural symmetry induces condensation

 

Jiajie Zhao, Yaoyu Zhang, Tao Luo, “Architecture Induces Structural Invariant Manifolds of Neural Network Training Dynamics”, arXiv:2510.09564v1 (2025).



Permutation symmetry 🡪 sample efficiency preserving

 

Jiajie Zhao, Yaoyu Zhang, Tao Luo, “Architecture Induces Structural Invariant Manifolds of Neural Network Training Dynamics”, arXiv:2510.09564v1 (2025).
Yaoyu Zhang, Leyang Zhang, Zhongwang Zhang and Zhiwei Bai, Local Linear Recovery Guarantee of Deep Neural Networks at Overparameterization. JMLR 2025



Permutation symmetry in Transformer

 

permutation symmetry -> condensation -> optimistic sample efficiency 
preserving

Scalable!
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Towards the mathematical foundation of deep learning 
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Thanks!


