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Quantitative principles in biological systems

14. Neural networks / Searching for principles

Spring 2025

Hopfield models for associative memory

Amit et al. Phys Rev A (1985)
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Moving boundaries

Modern Hopfield models for dense associative memory

Krotov and Hopfield. NeurIPS (2016)
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MNIST handwritten digits
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Biological systems solve various problems, sometimes near optimally.

Block et al. Cell (1982)
Yang Bai et al. eLife (2021)

Modeling toolbox

- Stochastic processes
- Biochemical reaction networks
How does it work?

Phillips et al
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MIA: mechanics

Biology has found amazing solutions to mechanical problems → bio-inspired engineering!

KC Huang et al. PNAS (2008)

Simple behaviors can emerge from complex mechanisms.

Scott et al. Science (2010)
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Modeling toolbox

- Stochastic processes
- Biochemical reaction networks
How does it work?

- Coarse-grained models
- Optimization frameworks
What is it doing? (functionally)

Orth et al. Nat Biotechnol (2010)

Information is important and costly.

Sokolowski et al. PNAS (2025)
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Modeling toolbox

- Stochastic processes
- Biochemical reaction networks
How does it work?

- Coarse-grained models
- Optimization frameworks
What is it doing? (functionally)

- Complex interacting systems
- Randomness as disorder
Where is it in the space of possibilities?

Li et al. Science (1996)

Modeling toolbox

- Stochastic processes
- Biochemical reaction networks
How does it work?

- Coarse-grained models
- Optimization frameworks
What is it doing? (functionally)

- Complex interacting systems
- Randomness as disorder
Where is it in the space of possibilities?

- Evolutionary dynamics (an important class of stochastic processes)
- Bioinformatics and machine learning
How did it get here and where will it go?
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How might machine learning help us find principles?

Moving boundaries, boosting productivity, raising questions → Try to cut through the hype!

What is surprising about biology?

Phillips et al
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Some hopes, or how to not find principles…

- Try to avoid fact- or theory-free biology!
- Representatives: Paul Nurse, Sydney Brenner
- Are your models grounded in experiments and questions?
- Are your experiments guided by questions and theory?
- Might your computations also generate questions?

Fischbach. Cell (2024)
Wikipedia

Modeling toolbox… where is your research?

- Stochastic processes
- Biochemical reaction networks
How does it work?

- Coarse-grained models
- Optimization frameworks
What is it doing? (functionally)

- Complex interacting systems
- Randomness as disorder
Where is it in the space of possibilities?

- Evolutionary dynamics
- Bioinformatics and machine learning
How did it get here and where will it go?
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Some hopes, or how to not find principles…

- Try to avoid fact- or theory-free biology!
- Representatives: Paul Nurse, Sydney Brenner
- Are your models grounded in experiments and questions?
- Are your experiments guided by questions and theory?
- Might your computations also generate questions?

- Try to avoid becoming siloed into an overly specific field!
- Representatives: Chao Tang, John Hopfield
- Might your research also move boundaries?

Fischbach. Cell (2024)
Wikipedia


